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THE ATOMIC THEOET- 



BOOK L 



CHAPTER I. 

HISTOBICAL IKTRODUCTrON — RICHIEK — BAITON. 

Thb hypotliesis of atoms, put forward by the Greek 
philosopliers, and revived in modem times by great 
thinkere, acquired a definite form at the begin- 
ning of this century. John Dalton waa the first to 
apply it to the interpretation of tbe laws which he and 
Bicfater rec(^;niBed as governing chemical combinations. 
Confirmed by the great discoveries of Gay-Luasac, 
Mitscherlich, Duloiig and Petit, the hj^pothesia has 
assumed a definite form, connecting many various facts 
of a chemical and physical nature. Fundamentally it 
consists of modem ideas upon the constitution of 
matter. 

In common with correct ideas, it has grown with 
time, and nothing has as yet happened to stop its pro- 
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2 THE ATOMIC THEORY. 

gress ; but, in common with all fruitful ideas, it has been 
an instrument of progress even in the hands of its 
detractors. The latter are now few, and the hypothesis 
seems to make a firm stand against the regular opposi- 
tion of some and the subtle attacks of others. In these 
pages we propose to discuss both its historical evolution 
and its present form, aud we shall thus show the influ- 
ence it baa exercised upon tbe progress of science since 
the beginning of the century. 

Dalton revived the hypothesis of atoms to explain 
the lact that in chemical combinations elements unite 
in fixed proportions, and in certain cases in multiple 
proportions. He admitted that these proportions repre- 
sent the relative weights of indivisible particles of 
the bodies, which partielea are brought into contact 
and grouped by the fact of combination. This led to 
the consideration of atomic weights, and the idea of 
representing the composition of bodies by symbols which 
indicate both tbe nature and the number of these 
particles and the proportion of the elements entering 
into combination. We have here two things which 
must not be eonfonnded— facts and an hypothesis. We 
shall retain the hypothesis as long as it gives a feithful 
interpretation of facts, and enables us to group them, 
to connect them together, and to anticipate fresh ones 
— as long, in fiict, as it proves fertile. An hypothesis 
thus formed rises to the rank of a theory. We shall 
endeavour to show, in demonstrating its origin, progress, 
and results, that this is the case with Dalton's concep- 
tioQ. 
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DEFDUTE CHEMICAL PEOPOEHOHS. 



I. 

Simple bodies combine in definite proportions. This 
is one of the moet firmly established truths of natural 
philoaophj. It includes the two following facta : — 
Firstly, the relative weight.of combining bodies is always 
fixed in every combination ; secondly, the numbers which 
express these relations are interproportional for all 
kinds of combinations. We must clearly understand 
the meaning of these propodtione. 

Two simple bodies unite so aa to form a given com- 
pound. As long as the compound lasts the relative 
weights of the two elements will remain perfectly con- 
stant, whether the quantities acting upon each other 
have been great or small; the anmlleat particles, as 
well as the whole mass, will contain strictly proportional 
weights of these elements, which no physical circum- 
stances, such as pressure or temperature, can modify. 
This is true for all kinds of combinations, the most 
' simple as well as the most complicated. This fixity of 
the proportion in which bodies combine waa acknow- 
ledged and admitted as a truth more than a century 
ago by some eminent chemists, and by all in the ye^- 
1806. Bergman was conscious of the truth, even if not 
logically convinced of it ; in fact, the numerous quan- 
titative analyses for which we are indebted to him 
would have been aimless or useless if he bad been under 
the impression that the compoimds be was analysing 
were formed in chance proportions. Lavoisier demon- 
strated in the clearest manner the fact of the constancy 
of the relations in which bodies combine. In- every 
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4 THE ATOMIC THEOET. 

oxide, in every acid, he said, the relation of oxygen to 
the metal is constant; and this relation should be 
exactly determined for every oxygen compound. He 
admits, moreover, that the difference between the acids 
of sulphur and the oxygen compounds of nitrogen is 
due to the power possessed by these simple bodies of 
uniting with oxygen in several proportions, each degree 
of oxidation corresponding to a. fixed and constant rela- 
tion between the weights of the two elements. The 
law of fixity was thus distinctly admitted and clearly 
stated by Lavoisier ; one step more, and he would have 
discovered the law of multiple proportions. He did 
not, however, make this decisive step. Even aa regards 
the fixity of several proportions, though he was himself 
convinced of the fact, he was not successful in making 
it universally accepted. In the month of July 1799 
his pupil Berthollet read at the Egyptian Institute, 
which was sitting at Cairo, a memoir entitled 'Researches 
upon the Laws of Affinity.' He there for the first time 
brought forward profound ideas upon the influence 
exercised by the physical condition, the cohesion, solu- 
bility, insolubility, and volatility of bodies upon the 
affinity and progress of chemical decompositions. With- 
out denying the fixity of the composition of certain 
compounds, he attributed this &ct to the chance influ- 
ence of these physical conditions, which in some cases 
were constant, and would not allow that it partook of 
the character of a general law. 

It is true, he said, that in sulphate of baryta the 
relation between the sulphuric acid and the baryta is 
constant, simply because the acid and base must 
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PROUST— FIXITY OF PBOPOKTIOiJS. 5 

miite is this precise and fixed proportion to form a salt 
of abiolute inaolubility. Thus, here ae in many other 
eases, constancy of composition is dependent upon a 
physical property, cohesioh — ^in other words, the insolu- 
hility of the sulphate of baryta. But the rule is aa 
follows : Chemical combinations take place in propor- 
tions which may vary within certain limits. 

A salt formed by a soluble acid and a slightly solu- 
ble or insoluble base may be precipitated in an insoluble 
form, unvarying in composition, when the proportion of 
the base is exactly such as to cause the precipitation of 
the salt of this composition ; but if the proportion of 
the base is increased the salt will still be precipitated, 
but its composition will be different, for it now consists 
of greater quantities of base foi the same quantity of 
acid. 

A metal, such as mercury, dissolved in nitric acid, 
will unite, in the process of oxidation, with quantities 
of oxygen varying between a maximum and a minimum. 
We cannot, therefore, maintain with Lavoisier that 
when a salt is formed by the action of an acid upon a 
metal, there is a constant relation between the quantity 
of the metal and the quantity of oxygen which the 
former takes from the acid in the process of oxidation. 

These propositions of Berthollet were first opposed 
and successfully refuted by S. L. Proust. Having 
remarked, in 1799, that upon dissolving native carbonate 
of copper in an acid, and then precipitating the solution 
by an alkaline carbonate, he obtained a quantity of car- 
bonate of copper equal to that of the native carbonate 
which had been dissolved, Proust drew from this ^t 
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6 THE ATOMIC THEOEV. 

the conclusion that the composition of carbonate of 
copper is fixed and invariable, whether the salt has been 
formed in the deptha of the earth or artificially by a 
chemical process. Hia anbaequent reaearches enabled 
him to generaUBe this concluedoo ; and in speaking of 
these researches we must specially quote thoae npon the 
composition of the two ozidea of tin, the sulphides of 
iron, and sulphide of antimony. In all these com- 
pounds the relation in weight between the two elements 
is constant ; and if two simple bodies, by combining in. 
diSerent proportions, are able to form several com- 
pounds, as is the case with tin and o^^geo, iron and 
sulphur, it is evident that in every degree of combina- 
tion the relation in queation is i nvaria ble. 

Proust brought forward these facts, w}uch he had 
discovered in opposition to those upon which Berthollet^ 
took his stand, and showed tbat the latter allowed a 
different interpretation. Metallic solutions, where the 
metal enters int<» combination with variable quantities 
of oxygen ; salts, which, when precipitated, may contain 
variable quantities of bases ; or oxides of tin and lead, 
which have been obtained by the calcination of metals 
in contact with air, and which have fixed variable 
quantities of oxygen — in no case consist of, or constitute, 
definite chemical compounds, but are mixtures, in dif- 
ferent proportions, of several compoimda, all of which 
possess a fixed compOBition. The fixity of composition, 
indeed, seemed to Proust an essential attribute of com- 
binations, a great law of nature — the poTidue ^aiv/rcBy 
justly recognised by Stahl. 

This discussion, which is one of the most memorable 
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of which science poBsesses a record, lasted from 1799 till 
1806, and was maintained on both sides with a power 
of reasoning and a respect for truth and propriety 
which have never heen surpassed. • The fullest deve- 
lopment of Berthollet's views appeared in his celebrated 
work entitled ' Esaai d'une Statique chimique,' which 
was published in 1803. The great idea developed in 
this book is that chemical affinity and astronomical 
attraction are different manifestations of an identical 
property of matter, which led the author to regard not 
only the energy of affinities as producing chemical 
reactions, hut also the influence of the masses. 

In a great number of reactions this influence does 
undoubtedly govern the progress of decomposition or 
combination ; it augments or diminishes the proportion 
of compounds which aie formed or destroyed in a reac- 
tion, but it does not govern the proportions in which 
the elements unite in these compounds. On this latter 
point Berthollet held a different opinion; he main- 
tained that masR does exercise an influence upon the 
combining proportions of two bodies when no physical 
condition is present to determine the separation of a 
compound in fixed proportions. Thus, when an acid 
actfi upon a base in such a manner as to produce a solu- 
ble salt, the point of neutrality undoubtedly corresponds 
to fixed proportions of combined acid and base ; hut if 
an excess of one or other of these elements be added, 
it also will enter into combination, and, moreover, in 
variable* proportions, till a physical property — cohesion, 
for example — determines the separation of a compound 
of fixed proportions. ' In a great number of chemical 
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8 THE ATOMIC THEORY. 

combiuatioaa, therefore, this fixity in the proportions 
of elements may be observed ; but, in the opinion of 
Berthollet, they are exceptional cases, to which it 
would be wrong to ascribe the dignity of a general law. 

Proust, on the contrary, maintained the generality of 
this law. If it is impossible, be saye, to make an ounce 
of nitric acid, an oxide, a sulphide, or a drop of water 
in other proportions than in those which nature, from 
all eternity, has assigned to these compounds, we must 
acknowledge that for chemical combinations there is a 
sort of ' balance,' which is subject to the immutable laws 
of nature, and which, even in our laboratories, deter- 
mines the relation of the elements in these compounds. 
The latter are of several orders. The most simple are 
generally formed of two elements — at most of three, very 
rarely of four. But these compounds of a simple order 
may combine with each other, so as to form more com- 
plex compounds ; io other cases they are merely mixed 
together. In these mixtures the proportion of the 
elements is naturally subject to variation; in all che- 
mical combinations properly so called it is, on the 
contrary, fixed. 

The opinion of Proust was well founded ; it won 
the day, in spite of the opposition of his powerful 
antagonist ; and we cannot too much admire the per- 
severing energy and discernment displayed by the 
chemist of Angers in this contest, when he took one 
by one the arguments of Berthollet, and opposed to 
the tacts collected and arranged by the latter in support 
of his theory fresh facts and fresh analyses of his own, 
which, it must be confessed, were not always models of 
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accuracy. The superior intelligence, however, of an 
accurate and lofty mind saved him from error in the 
discussion of results, and made up for the insufficiency 
of the methods of that time. 

This great truth of the fixity of chemical propor- 
tions was, then, definitely established in the year 
1806. But the discusaiona between Berthollet and 
Proust, which agitated the scientific world during the 
first years of this century, only gave an incomplete idea 
of it, for they dealt solely with the composition of each 
compound taken individually. The question as to 
whether sulphide of antimony was a constant com- 
pound, and whether this was also the case with the 
sulphides of iron, the oxides of tin and cobalt, was 
answered in the affirmative by Proust, in the negative 
by Berthollet. It is, now definitely decided in the 
affirmative. We must not, however, forget that Proust 
and Berthollet only attacked the question from one 
side, for there is another. It is true that this sulphide 
of antimony, these sulphides of iron, and, in fact, that 
all sulphides present a fixed composition ; and, again, 
it is equally true that in every metallic oxide the 
metal and the oxygen unite in invariable proportions. 
But this is not alL Analysis shows, further, that the 
relations between quantities of different metals uniting 
with a fixed weight of sulphur are the same as those 
between differ^t metals uniting with a fixed weight of 
oxygen. Independently, therefore, of the fact of fixity, 
there is the further fact of the proportionality of 
the combining quantities or weights of bodies; aiid 
the case in question is not an exceptional one, but 
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10 THE ATOMIC THEORY. 

belongs to a whole order of similar fecta — is, in short, 
a law. 

We have, in demonstrating this law of propor- 
tionality, employed as examples the very compounds 
which enabled Proust to establish the law of fixity. It 
may, however, be demonstrated under a more general 
and striking form. 

4 is a certain weight of a simple body. 

B is a certain weight of another simple body, which 
is exactly sufGcient to form with a the combination a b. 
The relation - is constant. 

B 

c is a certain weight of a third simple body, exactly 
sufficient to form with a the combination i c. The re- 
lation - is constant, 
c 

D is a certain weight of a foiirth simple body, exactly 
suf&cient to form with a the combination A d. The 

relation - is constant. 

D 

This is Proust's law. 

Let us now take the second body b, and form com- 
binations between this body and the third c and the 
fourth D. Experience shows us that the quantities c 
and D which combine with a will also combine with b 
— in other words, that the weights of the bodies b, c, d, 
which formed definite compounds with A, are unchanged 
when they combine with each other. From the fact of 
the existence of compounds a b, a c, ad, we may assume 
the existence of compounds B c, b n, c n, in which the 
quantities a, b, c, d, are constant. In short, there 
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exists between all compoimd bodies formed by the union 
of two elements such a definite relation of composition 
that we, have only to determine the proportions in 
which the most widely difFering elements unite with 
one of their number, and we shall also have determined 
the proportions in which they combine with each 
other. 

This is the law of proportionality, discovered by 
Bichter, who lived at Berlin towards the close of the 
last century. 

For many years another German chemist— C. F. 
Wenzel — was considered the author of this great dis- 
covery. It was attributed to him by Berzelius.^ M. 
Dumas also claims it for him,^ and all chemical treatises 

' The following ate the teraiH in which Beraelins claimed for 
Wenzel the diBCovery of the proportionality of quantities of acids 
and bases which eiactly saturfltc each, other :— ' He published the 
result of these eiperimenta in a memoir entitled Lehre vmt dea 
Vermandtie/utfiea, or the Theory qf Affinities, at Dresden in 1777, 
and proved, by singularly accurate analyses, that thia phenomenon 
(the preservation of neutrality after the mutual deoomposition 
of two neutral salts) naa duo to the fact that the qiiantities of 
alkalies and earths which saturate a given quantity of the same acid 
arc tbe same for all acids ; so that if we decompose, for example, 
calciom nitrate by potassium sulphate, the potassiom nitrate and 
the calcium sulphate obtained will preserve their neutrality, 
because the quantity of potash which saturates a given quantity 
of nitric acid ia to the quantity of lime which saturates tlie same 
quantity of nitric acid as the potash is to the lime which neutralises 
a given quantity of sulphuric acid.' — Traite de C'hinae, French 
edition, 1831, t. iv. p. 624. 

' Chentieal Philotophy, p. 300, The error concerning the part 
attiibnted to Wenzel in the discovery of the law of proportionality 
has been corrected by several scientific vraitera — -first by Hesa 
(JmiraalfiiT pralaitvhe Ckemie,t.T:xri.^i2fi) ; then bySchwei^er, 
In the work entitled Ueber tt'ocMametruolw Jleilieii im Simta 
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fifty years ago quoted Mm as the precursor of fiichter. 
He was rather the rival of Bergman and Kirwan. The 
analyses of neutral salts which he published were accu- 
rate ; but he nowhere mentions the fact of the reserva- 
tion of neutrality after the double decomposition of 
the two neutral salts ; he admits, on the contraiy, that 
in the phenomenon in question the quantity of the two 
neutral salts which react upon each other being cal- 
culated after their known composition, a certain excess 
of one of the elements may remain after the decom- 
position has taken place. This opinion is contrary to 
facts, and must necessarily have rendered it impossible 
for the author to discover the law of proportionality. 
This law was demonstrated a few years later by a much 
less experienced chemist than Wenzel, who was obscure 
and diffusive in his productions, but endowed with 
singular penetration and rare perseverance. 

II. <: 

J. D. Richter was preoccupied with the idea of 
applying mathematics to chemistry, and particularly to 
that of discovering numerical relations between combin- 
ing bodies. His efforts in this direction did not meet 
with success ; for, though he was the first to recognise 
and demonstrate the law of proportionality between 
the quantities of bases uniting with a given weight of 
base, and between the quantities of acids uniting with a 
given weight of base — a mcfflt important and well-esta- 
blished fact — he fell into error in trying to show that these 

Hichter'i, Halle, 1853 ; lastly by B. A. Smith (^Memoir of J. DaUea, 
aiid IRetorj/ of the Atmniii Thearij «ji to Hit Time, London, 1856). 
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quantities form numerical series, the terms of which bear 
to each other a simple ratio.' But we need not pay much 
attention to this point. Let us rather gather from the 
work of Bichter the great truths and fundamental dis- 
coveries which demand the grateful recognition of pos- 
terity, all the more strongly from the fact that they were 
neglected and almost ignored by hie contemporaries. 

Kichter founded hia researches upon the then well- 
known iact of the permanence of neutrality in the 
double decomposition of two neutral salts. Richter 
found and clearly demonstrated the required explana- 
tion of this iact. Id the first volume, published in 

■ Bichter tried to show that the quantities of bauB which satmata 
a given we^ht of aoid represent the terms of an arithmetical pro- 
gression, and that the qnantities of acids which combine with a 
given weight of base form the tenn9 of a geometrical progression. 
Thns, for example, he fonnd that 1,000 parts of hydrochloric acid 
are satmated by T31 of alumina, 858 of magTiesia, 1,107 of lime, 
and by 3,099 of baryta. These numbers form the tenns of a series 
a, + 5, 0+3*, a + nb, in which tf = 731 and 6 = 134-5. Having 
afterwards discovered the satntating capacity of strontia for hydro- 
chloric aoid, he found that this base wonld occupy the place a-^XVb 
in the preceding series, a result which he soon corrected to a -i- 9&. 

A different bat very simple relation eidata, in his opinion, 
between the quantitieB of adds which saturate a given quantity of 
base. Thus the qnantities of flnoric (hydrofluoric) acid SSG'l, 
mnriatio add 1160-0, sulphuric acid 1630*0, and nitric acid 32904, 
which satntate 1,000 of magnesia, form the first, third, fonrth, and 
fifth terms of geometrical prt^ession— o, ed, cd', ad', ad' — the first 
term of which e is — 696'4!, and i^ — 1-IS54. Again, the quantities of 
carbonic, sebacic, oxalic, formic, succinic, acetic, citric,and tartaric 
acid necessary to neutralise a given base increase according to a 
geometrical progression a. o6, o6', oS'. Metallic acids, on tiie con- 
trary, are subject to another law : the qnantities of tangstio, 
chromic, arsenic, and molybdic acid which saturate a given weight 
of base constitute the terms of an arithmetic progression. 
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1792, of bis ' ElementB of StoichioiDetry ' ' be expresses 
himself as follows : — Let a and B represent the weights 
or masses of two neutral compounds (salts) whicli 
exactly decompose each other; the new bodies will 
remain neutral : let a represent the mass of an element 
in A, and b that of an element in b ; the masses of the 
two elements in a will be a, a— a, and in b will be 
b, B—b. Before decomposition the ratio of the masses 
(weights) of the neutral compounds a and b will be 



After decomposition the masses of the elements in the - 

All those propositioCB are foimded upon inaccnrate data, a fact 
wMch doobtleaa did not escape the notice of some of Bichter's con- 
temporaries, and contributed to throw discredit upon his labonrs. 
He hiraself sometimes saw the necessitj of correcting some of these 
erroiE ; bat tLhoogh he gave up a few details, he still held to the 
numerical laws demoniitrated above —the new figures always adapted 
themselves to it. Thus in 1T9T soda changes ita p1aj)e in the series 
of bases neutralising a given weight of sulphuric acid. Bicbter now 
finds that 1,000 parts of this acid are saturated by 672'1 of volatile 
alkali (instead of 633), bj S68-6 of soda (instead of 1,218), and bj 
160*-6 of potash (inatead of 1,606). These numbera increase as the 
terms a,a + b,a + Bb, while the original niuuberB formed the terms 
of a series a,a-i-Sb,a + 5b, 

These are great imperfections in the work of Eichler; but, 
though we cannot but regret that his memory should be charged 
wiOi them, they most Dot cause us to forget the great traths which 
he had the hononr of discovering. 

' AnfangtgrHnde der Stockijymetrie, oder Metthaitt chemiiolter 
HUmente, 

' We have reversed these fractions, which the author wrote— 

tZ^ and ^. 
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new products will be a, b— 6 and b, K—a, and the 
ratio of tbeBe masses will be 



If, then, the ratio of the masses (elements) is recog- 
nised in the original compounds, the same ratio must 
be acknowledged in the new compounds. 

Riehter drew up, in 1793, a table which he termed 
eeries of masses — the quantities of analogous elements 
(acids or bases) which combine with a given weight of 
another element. In another part of the work which 
we have just quoted he definitely states the following 
proposition : — The different quantities of bases which 
form neutral salts with 1,000 parts of anhydrous 
muriatic acid also form neutral salts with a given 
weight (1,394 parta) of anhydrous sulphuric acid. It 
follows, from the formula given above, that if we take 
a weight A of a muriate (chloride) containing 1,000 
parts of acid auda weight * — 1 000 of base, and a weight 
B of a sulphate containing 1,394 of sulphuric acid, and 
B — 1394 of a second base, this quantity of the latter 
base will exactly neutralise 1,000 parts of muriatic 
acid, while the quantity a— 1000 of the first base will 
exactly neutralise 1,394 parts of sulphuric acid. 

If, tberefore, we mix the two original salts, the 
neutral muriate and sulphate, ne shall obtain from the 
double decomposition a new sulphate and a new muriate, 
which again will be neutral. Eichter thus explains the 
fact of the permanence of neutrality when two neuti^al 
ealts exchange their bases and acids. He at this time 
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(1793), and in the same work, gave the first 'aeries of 
masses ' for the alkaline bases and for the earths — that is 
to say, the equivalent quantities of bases which saturate 
a given weight (1,000 parts) of sulphuric, hydrochloric, 
and nitric acids. 

The following is the series : — 







BDlphnilcAcid 


MmisticAcU 


KllricAda 


Polaah. 


1,606 


2,239 




Soda . 






1,699 


867 


Volatile alkali 




638 




45.<{ 


Baryta. 




2,234 


3,099 


1,681 






796 


1,107 




Magnesia . 




616 


858 


438 


AlnmiTm 




628 


73* 


374 



Although these figures are far from correct, they 
allow the deduction of the law of proportionality, with 
which the name of Eichter is justly connected. He 
afterwards completed and corrected them. Having 
ascertained the quantities of lime and potash which 
neutralise 1,000 parts of fluoric (hydrofluoric) acid, he 
proved that these quantities are very nearly propor- 
tional to those which neutralise 1,000 parts of muriatic 
acid. On this point he affirms that ' the masses of 
alkalies or alkaline earths, when they maintain neutrality 
with a given mass of either of the three other volatile 
acids,' will always bear to each other the same ratio.' 
The idea is correct, though the form of expression is 
not happy, Eichter, indeed, generally failed in the 
latter respect. Thus he endeavours to generalise the 

' Salphnric, mnriatic, and nitric acida. 
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law he lias discovered by terming the substance (the 
add, for example) which enters into combination with 
a series of analogous subatances (bases) the determining 
elememt, and the latter the elements determined. 

Let p represent the noass of a determining element, 
the masses of ' its ' elements determined being a, h, e, 
d, e, &C. ; Q the mass of another determining element, 
<») Pt fi ^) h &''■) being the masses of ' its ' elements 
determined ; so that a and a, b and A c and 7, d and 
S, and e and e shall represent the same elements ; and, 
further, that T+a and Q + ft p + 6 and Q + 7, P + c and 
Q+o,»&c., are decomposed by double affinity, ao that 
the new products will remain neutral. We shall observe 
that the masses a, h, c, d, e, &c., bear to each other the 
same ratio as the masses a, j9, 7, £, e, &c. Such is the 
discovery of Richter as he himself published it in 1795' 
in the fourth part of Ms ' Mittheilungen iiber die- 
neueren Gegenstande der Chemie.' 

This is not all. We owe to hia penetration another 
important discovery which is closely connected with the 
one we have just mentioned. 

We shall now direct our attention to metallic salts 
properly so called. When two of these salts are de- 
composed by double affinity — that is to say, when they 
exchange their acids and base^^the metal of tiie one 
finds in the other exactly the quantity of oxygen neces- 
sary to keep it dissolved in the acid ; in other wordsj 
the quantities of different metals necessary for tht 
formation of neutral salts absorb the same quantity of 
oxygen when they dissolve in a given weight of acid. 
This proposition, which is, moreover, veiy accurate, 
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assumed a clearer form when Lavoisier some time 
afterwards worded it thus : — The different quantities of 
oxides which combine with a given weight of acid con- 
tain the same quantity of oxygen. Rlchter followed 
up these investigations with great success. He admits 
that the ratios in which oxygen combines with other 
bodies, particularly metals, are perfectly fixed, and that 
the quantity of oxygen fixed by a metal during solution 
in an acid i» not always the same as that which it 
absorbs when heated in contact with air. He is thus 
led to distinguish several degrees of oxidation, notably 
in the case of iron and mercury. The latter forms two 
oxides capable of producing salts. Each of these salts 
presents a perfectly fixed composition, and passes with- 
out alteration of composition by double exchange from 
one salt to another. These researches date from the 
close of the last century, and it seems as if, from the 
manner in which they were conceived and expressed, 
the influence of Lavoisier had made itself felt, unknown 
to the author and in -spite of his opposition to the 
doctrines of the reformer. The very feet of this oppo- 
sition seems, in a great measure, to have been the cause 
of the discredit thrown upon the labours of Rlchter ; 
hia time was not yet come ; other topics created more 
interest ; and in Germany, as tdso in France and 
England, men's minds were engrossed by the influx of 
new ideas. 

There is some difficulty in harmonising the signifi- 
cation and even the publication of Bichter's great dis- 
coveries with the phlogistic theories which he main- 
tained, and whiohappareatly influenced his obserratioDS. 
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Strictly speaking, we can understand that he could have 
regarded acids as undecomposable bodies, for he only 
considered their relative weights, which are independent 
of their constitution. But when we turn to his opinions 
upon the nature of osades, upon the fixity of their com- 
position, upon the equality of the weight* of oxygen 
absorbed by metals when dissolved in equivalent quan- 
tities of acid, how can we reconcile these correct and 
simple notions with the erroneous conception of phlo- 
giston ? It must be confessed that Bichter adapted all 
this to his theory. He held that the metallic calces or 
oxides were formed by the combination of metals with 
oxygen, causing a loss of imponderable phlogiston and 
most curious contortion of the phlogistic theory. Had 
he but said heat instead of phlogiston, he would have 
been quite right. We may, therefore, absolve Richter 
on this head ; but his contemporaries were more severe, 
and he himself confesses that in 1799 he was declared 
by the partisans of antiphlogistic doctrines to have 
taken leave of hia senses. 

The profound but perplexed author of the great 
discovery in question — the proportionality which exists 
between the weights of elements in chemical combina- 
tions — was fortunate in having an intelligent and 
ingenious commentator. G. E. Fischer published in 
1 802 8 German translation of BerthoUet's ' Researches 
upon Affinity,' and further endeavoured in this work to 
explain and simplify the deductions which Richter made 
from the fact of the permanence of neutrality after the 
decomposition of two neutral salts. He succeeded, Mid 
simplified the demonstration of the law of proportionality 
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in thefoUowiDg manner : — Eicliter had given a serieB of 
neutralisation for each acid and each base ; he had 
determined the quantities of bases which saturate 1,000 
parts of sulphuric acid, 1,000 parts of nitric acid, and 
1,000 parts of hydrochloric acid ; and then, ag&ia, he 
had indicated the quantities of acids which would 
saturate 1,000 parts of each base. Though admitting 
that the quantities of acids wid the quantities of bases 
composing these series are proportional, he uselessly 
multiplied the number of the latter. Fischer saw that 
they might be reduced to one by giving the ratio which 
the quantifies of acids and bases contained in the series 
bear to one number, 1,000 parts of sulphuric acid. In 
fact, he drew up the first table of chemical equivalents 
as follows :— 



Base$. 




Add,. 




AluuuDa . 


626 


Fluoric acid. . *27 


Magnesia 


416 


Carbonic „ 




677 


AmmODia 


673 


Sebacic „ 




70« 


Lime . . 


793 


Muriatic „ 




713 


Soda 


869 


OsaUo 




766 


StroDtia . 


1,329 


Phosphoric „ 




979 


Potash . 


1,606 


Formic „ 




98B 


Barjta . 


2,232 


Snlphuric „ 
Sacoinic „ 
Nitric 

Acetic „ 
Citric 
Tartaric „ 




1,000 
1,209 
1,406 

1,460 
1,683 
1,69* 


The figures in 


heae tw 


columns rep 




tequiva- 



lent quantities of acids and bases. To neutralise a 
given base of the first series with a given acid of the 
second series, we must take of that base and that acid 
the quantity indicated by the accompanying figures. 
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The ratios of neutrality between the bases and acids are 
expressed by these numbers, and the table demonstrates 
in a striking and convenient form the composition 
of a large number of neutral salts. 

The foregoing table forms part of a note which was 
inserted by Fischer in Berthollet's ' Chemical Statics.' ' 
It is to his translator that the latter owed his 
acquaintance with the researches of Bichter. He had 
treated of the same subject in a chapter of the 'Statics' 
entitled * Acidity and Alkalinity,' and had mentioned 
the opinion of Gruyton de Morveau upon the inference 
which may be drawn from the permanence of neutrality 
after the decomposition of certain neutral salts, so as 
to calculate beforehand or control the composition of the 
salts produced. Both chemists, however, acknowledged 
that Bichter had anticipated them in this direction. 
Berthollet expresses himself on this point as follows : — 
* The preceditig observations appear to me necessarily to 
lead to the conclusion that in my researches I have only 
hinted at the laws of affinity, but that Bichter has 
positively established the fact that the different acids 
follow proportions corresponding with the difTerent 
alkaline bases in order to produce neutrality. This fact 
may be of the greatest utility in verifying the experi- 
ments which have been made upon the proportions of 
the elements of salts, and even to determine those 
which have not yet been decided by experiment, and so 
iumish the siu'eat and easiest method of accomplishing 
this object, so important to chemiHtry.' 

Thus Berthollet admitted the law of proportionality, 
' Vol. i. p. 134, 1803. 
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discovered by Richter, though at the same time he 
questioned the fixity of certain chemical combinations. 
He considers it possible for neutral salts, precipitated in 
an insoluble state or separated as crystals from their 
solutions, to exist in physical conditions compatible^ 
according to him, with a fixed composition. 

As we remarked above, we owe to Richter another 
important discovery. He observed that the quantities 
of different metals which dissolve in a given weight of 
acids also combine with the same weight of oxygen. 
This discovery met with no recognition, and was made 
afiresh hy Gay-Lussac in 1808. It was the same with 
the following fact, which Richter established : that cer- 
tain metals, such as iron and mercury, have the power of 
combining with oxygen in several proportions, so as to 
form two degrees of oxidation. Proust rediscovered 
this fact, ajid laid great stress upon it in his discussion 
with Berthollet, hut he &iled to observe that the quan- 
tities of osygen contained in the different oxides of a 
given metal increase in a very simple ratio.' 

We find, therefore, that at the close of the last and 
the commencement of the present century a number of 
definite facts were discovered concerning the composi- 
tion of salts and chemical compounds in general, hut 
that these facts were isolated and without connection. 
Their deep signification escaped the observation of 

1 Pronat admitted that 1,000 parte of copper combine with 17f 
to 18 parts of oxygen to form tie first or sab-oiide of copper, and 
with 25 parts of oxygen to form tlie second or black o:dde. The 
correct nomberB are 12-6 and 26'2. Had the analyses of the two 
osides been more correct, Proust might have recognised the law of 
multiple proportrona. 
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cbemistB, and the theoretical link which unites them 
was entirely unknown. It was reserved for an English 
chemist to complete them by a discovery of the first 
order and to arrange them by an hypothesis both simple 
and firuitfol. 

m. 

In 1802 John Dalton, at that time a professor in 
Manchester, was investigating the action of air upon bin- 
ozide of nitrogen in the presence of water. He observed 
that the osygen contained in 100 volumes of air 
united with either 36 or 72 volumes of binoxide of 
nitrogen, leaving a residue of pure nitrogen gas above 
the water. He concluded from this fact that oxygen 
combined with a certain quantity of biuoxide of nitro- 
gen or with double that quantity, but not with any 
intermediary quantities, nitric acid being formed in the 
first instance, nitrom acid in the second. In this 
observation we have the germ of the law of multiple 
proportions, although it was not as yet formally stated 
in the memoir in question.' It was announced at the 
same time as the atomic theory, by which it is theoreti- 
cally explained, in a communication by Dalton to 
Thomson in August 1804, He was then studying the 
composition of marsh gas, and observed that for the 
same quantity of carbon this gas contains a quautity 
of hydrogen exactly double that which is contained 

' Memoirt of the Xdterary and Pkiloiophical Sooitty of Man- 
tiketter, vol. v. p. 636. 
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in bicarburetted hydrogen, -We learn further from 
Thomson ' that the foundations of Dalton's theory were 
derived from his researcfaes into the composition of 
combinations of oxygen and nitrogen, and that, in fact, 
the observation mentioned above upon the absorption of 
oxygen by binoxide of nitrogen first gave him an in- 
sight into the composition of those combinations. Be- 
yond this it is difficult to aflSx any precise date to the 
discoveries of Dalton, or at least to trace the logical 
sequence and Buccessive evolution of his ideas, and to 
separate the origin of the law of multiple proportions 
from the origin of the conception of the atomic theory. 
In fact, in a memoir upon the absorption of gasea 
by water, read in October 1803 before the Literary and 
Philosophical Society of Manchester, Dalton attributed — 
erroneously, moreover — the imequal solubility of the 
different gases to the circumstance that their ultimate 
particles are not equal in weight, and that the ele- 
mentary atoms of which they are formed are not equal 



In this memoir he remarked that be had for some 
time been occupied with an endeavour to detennine the 
relative weights of the ultimate particles of bodies — a 
new and, as he says, most important consideration. 
Without laying any special stress upon the development 
of these ideas, he gives in his memoir the first table of 
\^ atomic weights as follows : — 

n^drogen 1 

Oiygen 5-5 

Nitrogen i'2 

' Hirtory a/ CluinisVry, vol. ii. p. 28'J. LocclOQ, 1831. 
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Phosphoma , 

Bnljinr 

Carbon .... 

Water .... 

Protoxide of mtrogen ■ t 

Binoiide of nittogen , i 

Nitric acid . 

FhoEpboietted. hydrogen 

Salphuretted hTdrogen 

Snlphmons acid . 

SnlpLiuic acid 

Carbonic oiide . 

Carbonic acid 

Marsh gas 

Olefiant ga« . 

Ether .... 

Alcohol- 
Let ua first remark that not only the law of multiple 
proportionB but also the atomic theory are clearly coQ- 
tained in thia table. This tesnlt is evident from the 
following data : — 



biued with 1 of hydrogen i 



6'3 of olefiant gas. 

6-3 of marsh gas. 
in B-S of carbonic oxide. 
15'3 of carbonic acid. 
19-9 of Bulphnrons acid. 
26-4 of sulphuric acid. 

9'7 (9'3) of binoiide of 

16-2 of nitric acid. 
13-9 (13-7) of protoiide 
of nitrogen. 



It is trae that these figures are very inaccurate, but 
the inaccuracy of the numerical data cannot conceal or 
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diminish the grandeur and simplicity of the theoretical 
conception. 

Dalton here r^ards chemical combinationa as 
formed hy the addition of elementary atoms, the rela- 
tive weights of which he endeavours to determine^ 
referring these weights to one of the elements — hydrogen 
— as unity. When two bodies combine in several propor- 
tions, the combination can only be effected by the addi- 
tion of entire atoms : it ibllows, therefore, that, the 
proportion of the one body remaining constant, the 
proportions of the second must be exact multiples of 
each other. It is, then, clear that as early as the year 
1803 or 1804 Dalton had, if not formally stated, at least 
conceived and implicitly admitted the law of multiple 
proportions, as well as the atomic hypothesis, which 
may almost be regarded as the theoretical repreaenta^ 
tion of the feet of fixed and of multiple proportions. A 
few years afterwards he gave his opinion upon this 
subject in the following terms : ' — ' 

' In alt chemical researches great importance has 
with justice been attached to the determination of 
the relations according to which elements unite to 
form compound bodies ; but, unfortunately, the subject 
has not been followed up, though the consideration of 
these relations might have led to important conae- 
quences concerning the relative weights of the smallest 
particles, or atoms, of bodies.' 

From the year 1804 the atomic theory inspired all 
Dalton's labours and influenced all his thoughts; he 
confesses himself the influence which this idea had upon 

' A NcTv Syttem of Clumieal PkiUa<fphy, part i. London, 1808. 
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him in his representation of the constitution of marsh 
gas, which he was studying in 1804. It occasioned the 
discovery of multiple proportions, and afterwards fur- 
nished, by a happy reaction, a solid foundation for the 
atomic hypothesis. The latter was not, however, new 
to the epoch of Dalton. Not to speak of the atomists 
of the seventeenth century, who had revived, though at 
the same time distorted, the ancient conception of the 
Greek phUosophers, we must not forget that Van 
Helmont, N. Lemery, and Boerhaave had mentioned 
the indivisible particles of bodies, and had termed them 
* atoms,' and that Boyle had tried to explain the differ- 
ences between chemical attractions by the inequality of 
the ' massulae ' or particles. 

This ^aa a correct conception : the ultimate parti- 
cles of bodies differ in their relative weight, and doubt- 
less in their size and form. In 1790 Higgius opposed 
this hypothesis, erroneously attributing the same weight 
to atoms which combine in very simple proportions to 
form compound bodies. Thus Higgins admitted that 
one ponderable part of sulphur in sulphurous acid is 
combined with one ponderable part of oxygen, and in 
sulphuric acid with two ponderable parts of oxygen, 
and that these compounds may be represented as con- 
sisting, the first of one atom of sulphur with one atom 
of oxygen, the second of one atom of sulphur with two 
atoms of oxygen, the atoms of these two elements being, 
moreover, of the same weight. He consequently re- 
presented these compounds as formed by the union of 
particles or atoms, of the same weight, but united in 
different proportions — one of nitrogen for two of oxygen 
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in.biiioxide of oitrogeD, and ODe of nitrogen for five of 
oxygen in nitric acid. 

This is all perfectly clear, but the starting point is 
wrong. The proportions in whicll bodies combine do 
not repreeeot equal weights. This was an established 
iact in the time of Higgins, and he is obliged to ac- 
knowledge it in the case of water, the two elements of 
which unite in very unequal proportions ; if therefore, 
as he admitted, water was .composed of one atom of 
oxygen and one atom of hydrogen the atoms of these 
two elements could not be equal in weight. Higgins's 
conception was, therefore, spoilt by errors and contradic- 
tions, and it is useless to attempt to represent him as one 
of the authors of the modem atomic theory. This honour 
belongs to Dalton alone. This great man began to 
consolidate and publish his views about the year 1808. 
Thomson and WoUaston were at that time developing 
the law of multiple proportions. In a memoir upon 
oxalic acid Thomson showed that the acid oxalate of 
potash contains twice as much acid as the neutral 
oxalate. Wollaston demonstrated that this law applies 
to the quantities of bases and acida contained in basic 
and acid salts, these quantities bearing a simple ratio to 
each other. He showed that this is the case in the com- 
pounds of potash and soda vith carbonic and sulphuric 
acids, and especially in the compounds of oxalic acid 
with potash. He points out that the latter are three in 
number, and that the quantities of acid which they 
contain for the same proportion of base increase as the 
numbers 1, 2, 4. 

At this time Dalton himself published bis theory in 
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the first part of his * New System of Chemical Philoso- 
phy,' which appeared in 1808. The new and compre- 
hensire idea of representing compound bodies as formed 
of groups of atoms, fixed in number, and possessing 
different, but at the same time fixed, relative weights, 
might, it eeemed to him, be graphically expressed by 
the adoption of symbols repreaenting these atoms, and 
grouped in such a manner as to indicate the composi- 
tion of bodies. Each atom was represented by a small 
circle bearing a particular sign. 

This is the origin of chemical notation, the lan- 
guage of symbols and numbers, which is clearer and 
more concise than that of words, and has since been a 
great instrument of progress in science and a great 
assistance in instruction. In the work mentioned above 
Dalton gives a new table of atomic weights, more com- 
plete and less incorrect than the preceding one. We 
r give a few of these atomic weights. 



Hjdrogen 

NitiDgea . 

Carbon 

Oxjgen 

PhDB[dion 

SnlphuT 

Zinc. 

Silver 
Flatinom . 
Gold 
Mercury . 



Atomic Welghtu Hmnlwi 
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We have omitted in this table the atomic weights 
of the alkalies and earths which are still placed among 
the elements, though Dalton must have already been 
acquainted with the great discovery of H. Davy upon 
the nature of the alkalies. The above figures give, 
however, a sufficieotly good idea of the accuracy, or 
rather the inaccuracy, to which Dalton had attained in 
his own detenninations, or in the discussion of those of 
others. At the same time they show ub the esact sense 
in which we must regard these atomic weights. They 
ate not, properly speaking, atomic weights in the sense 
which we now ascribe to the'terro ; they are proportional 
numbers referred to unity, which represents the weight 
of hydrogen in hydrogen compounds. This may be seen 
from the following table, in which, for the sake of brevity, 
we 4mve employed the symbols in use at the present 



WelBhtB. 
Water contaicB 1 at. H, which weighs 1, and 1 at. O, whicb 

weighs 7 8 

Salphnretted hydrogen contains 1 at. H, which weighs 1, and 1 

at. S, which weighs 13 U 

Ammonia cont^ns 1 at. H, which weighs 1, and 1 at. N, which 

weighs 6 S 

defiant gas contains 1 at. H, which weighs 1, and 1 at. C, i^ch 

weighs 5 S 

Marsh gas contains 2 at. H, which weigh 2, and 1 at. C, which 

weighs 6 7 

Carbon protoxide contains 1 at. C, which weighs 6, and 1 at. O, 

which weighs 7 13 

Caibonic acid contains 1 at. C, which weighs 5, and 2 at. O, 

which weigh 14 19 

Protoxide of nitrogen contains 2 at. N, which wei^ 10, and 1 

at. O, whidi weighs T IT 
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Binoxide of nitrogen contains 1 at. S, which weighs 6, and 1 at. 

O, which weigliB 7 12 

Nitrona acid contains 2 at. N, which weigh 10, and 3 at- O, 

weigh SI .31 

Nitric acid contains 1 at. S, which weighs 6, and 2 at. 0, which 

weigh 14 . .■ 19 

We see that the atomic weights of osygeo, sulphur 
nitrogen, carbon, and phosphorus are deduced from the 
composition of their combinations with hydrogen, in 
which the existence ib admitted of one atom of hydro- 
gen combined with one atom of another body ; and when 
there are two combinations with hydrogen, as is the 
case with carbon, the atomic weight is determined from 
that containing the least quantity of hydrogen. Thus 
the atomic weight of carbon is the quantity of carbon 
combined with 1 of hydrogen in olefiant gas. In 
marsh gas this quantity of carbon is combined with 2 of 
hydrogen. 

Such are the principles by which Dalton was guided 
in the determination of atomic weights, as they were 
conceived by him in 1808, and in the notation which 
was deduced from them. These principles are clearly 
demonstrated in the following table, which expresses the 
atomic constitution of the compounds mentioned above ; 
the fonuulse are analogous to those now in use : — 

Dalioa'i Netatian (1808). 
Atorolo 
Oldltealia) 
W^gbt. FOrmute. 

8 of water are represented by , , .HO 
14 „ snlphnretted h7drog>eii . . . HS 



„ olefiant gas EC 
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Dalton'i Natatitm (1808) — continued. 
AMmlc 
(Uolecnlu) 
Vtdgbt, FDmnle. 

7 of marsh gas HjC 

13 „ carbon protoxide CO 

19 „ carbonic acid CO, 

17 „ protoxide o* nitrogen , , ■, , N,0 

12 „ binoxide of nttiogED .... NO 

31 „ nitrons add N,0, 

19 „ nitric acid HO, 
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LAW OF VOLUHXS. 



QAT-LUSBAO— ATODADRO ASD AMP&BE— BEBZELtua. 
I. 

The atomic weights established by Dalton were really 
pToportiona] nUinbere ; they represented the proportion 
iu which bodies combine, expressed by the relative 
weights of their ultimate particles. The atoma of 
eimple bodies are equivalent to each other. We may, 
therefore, consider the tenuB atoTnic weighta, propor- 
tioned TmtTnimv, and equivalents as at this time syno- 
nymous. We owe the laatterm to Wollaston; H. Davy 
preferred the expression ' proportional niunbers.' 

The atomic constitution of bodies follows very 
naturally from the ideas of DUton. In binary com- 
pounds atoms unite in the ratio of 1 to 1, and in 
mnltiple compounds formed by two given elements in 
theratioof Ito I,lto2, 1 to3,2to3,&«. This simple 
conception, which is clearly demonstrated in the table 
upon the preceding page, had to be modified in accord- 
ance wiUi Gay-Loesac's great discovery. 
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The relations between the combimng volumes of 
gases are very simple, and tbe volmne of the compomid 
fonaed bears, moreover, a very simple ratio to the sum 
of the volumes of the combining gases. 

This proposition embraces a great number of facts, 
which present no exceptions and which together consti- 
tute a great law of nature, the law, namely, of Gay- 
Lussac. Suitably interpreted, it has become one of the 
foundations of chemical science. The following aie the 
&cts; the interpretation will be developed presently: — 

3 vol. of hjdiogeu unite witli 1 vol- of oxygen to form 3 vol. of 

aqooana vapour.' 
2 vol. of nitrogen anit« witli 1 vol. of oxygen to form 3 vol. of 

nitrogen protoxide. 
1 voL of nitrogen onitCB with 1 toL of oxjgen to form 2 vol. of 

nitrogen dioxide. 
1 vol. of nitrogeti nnites with 2 vol, of oxygen to foim 2 vol. of 

nitrogen peroxide. 

1 vol. of chlorine ooites with 1 vol. of hydrogen, to fonn 2 vol. of 

hydrochloric acid gas. 

2 vol. of chlorine unite with 1 vol. of oxygen to form 2 vol. of 

hypochlorooB aul^diide. 

1 vol. of nitrogen nnites with 3 ToL of hydrogen to form 2 vol. of 

ammonia. 

2 voL of carbon protoxide nnite with 2 vol. of chlorine t*j form 2 

vol. of phoflgene gu. 
2 vol. of ethylene nnite with 2 vol. of chlorine to form 2 vqL of 
vapour of ethylene chloride. 

Thus it appears tljat very simple relations exist 
not only between the volumes of gases entering into 
combination, but also between these volumes and the 
volume occupied by the gas or vapour of the com- 

' The volumetric composition of water was discovered in 1805 
b; Qaj-Lossac and Humboldt. This obaeiration formed the 
atarting point of Oay-Lnssao's discoveries. 
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ponnd body. It should be remarked, moreover, that, as 
far as we know at present, tbe volumes of the combining 
gaeeB are always reduced to 2 vol. after combination.' 
Bearing this foct in mind, we may return to our his- 
torical account. 

Cray-Lussac rendered unexpected assifitance to the 
ideas of Daltou. The fixed relations which are ad- 
mitted between the weights of elements entering into 
combination, the simple relations which exist between 
the weights of a given element in the moltiple combina- 
tions of t^t element, {ire again encountered when tbe 
combining volumes of gases are considered. Connecting 
these two orders of facts, and following up the interproi 
tation which Dalton gave of the former, may we no^ 
conclude that the relative weights of the gaseous 
volumes entering into combination exactly represent 
the relative weights of the atoms — in other words, that 
there exists a simple relation between the specific 
gravities of elementary gases and their atonuc weights ? 
Gay-Lussac perceived this simple relation, and Berzelius 
defined it a few years afterwards ; but Dalton refused to 
accept it, ignoring and repudiating the solid support 
which the great French chemist gave to his ideas. 

In &Gt, the relation which exists between tlie 
densities of gases and their atomic weights is not so 
simple as we should at first sight be led to expect, and 
as for a long time it was thought to be. 

It is a difficulty which wiU soon be apparent, and 

' This applies particnlai-Ir to the Bret seven cases, in which the 
Tolnntetric reUtions are ss tdmple as possible, sM cannot be 
redoced. The two last cases will be discussed pTesectl/, 



vGoogIc 



THE ATOMIC THEORY. 



which has only quite recently been overcome, after sixty 
years of investigation and labour. Nevertheless the 
theoretical conception which embraces the two orders 
of phenomena in question, and which eBtablishes a link 
between fixed and multiple chemical proportions and 
the law which regulates the combinations of gaseous 
volumes, was accurately formulated in 1813 by the 
Italian chemist Amedeo Avogadro. 

Starting from the discoveries of G-ay-Lussac, Avoga- 
dro arrived at tihe conclusion that there exists a simple 
relation betweOT'the volumes of gases and the nmnber 
of elementary or compound molecules which they con- 
tain. The most simple and at the same time the most 
probable hypothesis which can be brought forward upon 
this point is, he says, to admit that all gases contain in 
a given volume the same number of integral mole- 
cules.' These molecules must, therefore, be equi- 
distant trom each other in different gases, and placed 
at distances which, in relation to the dimensions of the 
molecule, shall be exactly sufficient to neutralise their 
mutual attraction. This hypothesis, according to 
Avogadro, is the only one which gives a satis^tory 
explanation of the fact of the simplicity of relations - 
between the volumes of gases entering into combina- 
tion. The following result of this hypothesis is im- 
portant : if it is true that equal volumes of gases contain 
the same number of molecules, the relative weights — 
that is to say, the densities of equal volumes — ought to 
represent the relative weights of the molecules. Thus 
the molecular weights of hydrogen, oxygen, and nitro- 



' Journal de Phytiqae, vol. xxxiii. p. 68. 
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gen will be expressed by the ratio of their decsitiea 
—i.e. 1, 15, 13.' But in considering the molecular 
weights of compound bodies we encounter a difficulty, 
which arises from the difference of contraction experi- 
enced by gases in the act of combination. Supposing 
water to be formed by the union of two volumes of hydro- 
gen and one volume of oxygen contracted to one volume, 
it is clear that the weight of this single volume, com- 
pared with that of one volume of hydrogen, would 
be 17 (15-1-2);* or again, supposing one volume of 
ammonia were formed by the contr;.ction of three 
volumes of hydrogen and one volume of nitrogen, the 
weight of this volume of ammonia must be 16. Xow, 
experiment proves that the densities of aqueous 
vapour and of ammonia are half the above numbers 
— namely, 8-5 and 8 — a result which agrees with the 
^t that two volumes of hydrogen and one volume 
of oxygen are condensed into two volumes of aqueous 
vapour, and, on the other hand, that three volumes of 
hydrogen and one volume of nitrogen are condensed 
into two volumes of ammonia. Since one volume of 
aqueous vapoiu- contains only one volume of hydrogen 
and -J volume of oxygen, a molecule of water can only 
l>e formed of one molecule of hydrt^en and J molecule of 
oxygen ; and, for the same reason, one molecule of ammo- 
nia must be formed of 1^ molecule of hydrogen and ^ 
molecule of nitrogen, and a molecule of hydrochloric 
acid gas of ^ molecule of hydrogen and ^ molecule of 
chlorine. It follows that the matter contained in the unit 



■ These unmbeis aj 



■V Google 



38 THE ATOMIC THEOBT. 

of volume of the elementary gases does not represent 
the ultimate particles which exiat in certain comhinations 
of these gaaea, for the matter contained in one volume 
of oxygen, nitrogen, hydrogen, and chlorine muet be 
halved in order to form the quantity of water, ammonia, . 
and hydrochloric acid gaa contained in one volmne of 
these compounds. This is the difficulty which strikes 
us, a difficulty which, according to Avogadro, is easily 
solved by supposing that the integral molecules, an equal 
number of which are contained in the gases or vapours 
of elementary bodies, are themselves composed of a 
certain number of dementatry molecules of the same 
kind, just as the irUegral maleculea of compound gases 
and vapours are formed of a certain number of dffmffi^ 
ary molecules of different kinds. 

This is a fundamental idea, and at that time was 
quite new. Whilst Dalton had only distinguished one 
kind of ultimate particles — atoms — Avogadro admits 
the existence of two kinds — an important distinction, 
which has been established by the progress of science. 
Avogadro's elementary molecules are aioms, while 
the integral molecules, which are equidistant &om 
each other in gaseous bodies, which are set in motion 
by heat and excited by affinity, are what we at the present. 
time call molecules. 

Ideas sinpilar to those of the Italian chemist were 
published iv'l814 by Ampere,* who established a distinc- 

' A letter from H. AmpSre to M. le Comte Berthollet upon the 
det«nmnatioii of the proportiona in which bodies combine, from 
the reBpeddre number and arrangement of the molecules of which 
their integral molecules are composed. {AnnaUt de Chmie, vol. 
10. p. 43.) 
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tion between partiotes and molecules. The particle, 
he says, ' is a collection of a definitive number of mole- 
cules in a definite situation, occupying a space incom- 
parably greater than that of the voltime of the molecules.' 
And he adds, ' When bodies pase into the gaseous state, 
their several particles are separated, by the expansive 
force of heat, to much greater distances from each 
other than when the forces of cohesion or attraction 
exercise an appreciable influence, so that these distances 
depend entirely upon the heat to which the gas is sub- 
jected, and that, under equal pressure and temperature, 
the particles of all gases, whether simple or compound, 
are equidistant from each other. The number of par- 
ticles is, ou this supposition, proportional to the volume 
of the gases.' This passage is so remarkable that we have 
quoted it word for word. But, as a natural consequence 
of Ampere's proposition, it follows that, the distances 
between the gaseous particles being the same, and 
depending solely upon pressure and temperature, the 
same variations of pressure and temperature should 
produce the same change of volume in the gases. 

This, aa we know, is actually the case, and this 
great physical fact of the sensible equality of the 
expansion of gaseous volumes follows as the result of the 
principle propounded by Avogadro and Amp^— namely, 
the equality of the number of particles contained in 
equal volumes of gases and the equality of the distances 
by which they are separated. Neither of them laid any 
stress upon this result, which clearly supported their 
hypothesis. 

Ampere clearly alludes to it in the passage quoted 
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above, but be only adds that if the hypothesis which 
he has offered ' agrees with the established results of 
experiment, and if such results can be deduced from it 
as will bo confirmed by subsequent experiments, it may 
acquire a degree of probability approaching to what in 
physics is termed certainty.' 

Thus, equal volumes of gases and vapours contain 
the same number of particles, and the latter are formed 
of groups of molecules. This, in other words, is the con- 
ception of Amp^. From geometrical considerations 
Ampere was led to conclude that each particle consists 
of fom molecules. 

'Jn accordance with this idea,' he says, ' each 
particle should be regarded as a collection of a definite 
number of molecules in a definite position, occupying a 
spaoe incomparably greater than that of the volume of 
the molecules ; and, in order that this space may be of 
three comparable dimensions, one particle must comprise 
at least four molecules. In order to express the respec- 
tive position of the molecules in a particle, we must 
conceive, by means of the centre of gravity of these 
molecules, to which we may suppose them to be reduced, 
planes so placed as to leave on the same side all the 
molecules which are outside each plane. Supposing 
that no molecule should be contained in the space 
included between these planes, this space will be a 
polyhedron, of which each molecule will occupy an 
angular point. 

If the particles of osygen, nitrogen, and hydrogen 
are composed of four molecules, it would follow, accord- 
ing to Ampere, that those of nitrogen dioxide are 
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composed of four molecules — namely, two of oxygen and 
two of nitn^en — and tliose of nitrogen protoxide of 
six molecules — namely, four of nitrogen and two of 
oxy^n. 

Thus when gases combine together the molecules 
contained in the unit of volume of either of the com- 
bioing gases, and which form its particle, are not always 
contained integrally in the unit of volimie of the com- 
pound gas. These molecules may be grouped or 
separated in forming a particle of the compound gases. 
Let us translate this idea of Ampere's into the languid 
of formnlee, confining ourselves to the examples quoted 
above. 

The unit of volume of gaa contains — 

Ox^en O, 



NitK^n N, 

Water H.o, 

Nitrogen ptotoside . , , . N,0, 

Nitrogen dioxide N,0, 

Ammonia S n. 

The analogy will at once be seen between this 
conception and that which is generally adopted at the 
present day, and which is expressed by the following 
formulae: — 

Two volumes of gas contain — 

Oxygen Oj 

Hjdiogen B^ 

Nitrogen N, 

Water H,0 

Nitrogen protoxide .... NiO 

NiUogea dioxide NO 

NH, 
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For the 6rst time gases are compared mider the 
same volume, and the matter coutained in equal volumes 
represents the magnitude of the moleculeB, which is 
a most essential point. The integral molecules of 
Avogadro and the particles of Ampere are, in fact, the 
material parts contained in the unit of volume. These 
integral molecules, or particles, may be subdivided 
into elementary molecules, or simply into molecules ; and 
Ampere, from geometrical considerations, ingeniously, 
though uselessly, multiplies the number of the latter. 
Both for the first time introduce into science the dis- 
tinction between two kinds of ultimate particles, and 
admit that the number of integral molecules or particles 
is proportional to the gaseous volume. 

We now give a more simple form to the same ideas 
by admitting that gases (and all other bodies) are 
formed of molecules and atoms ; and, in order to avoid 
the subdivision of molecules referred to one volume, we 
find it more convenient to refer them to two volumes, 
assigning the term inoleaule to the matter contained in 
two volumes. When for an elementary gas this molecule, 
as is often the case, consists of two atoms, the atom 
represents the matter contained in one volume ; but the 
general rule is that equal volumes of gaees OTid va/pov/rs 
contam the aame number of moleffuXea, and, conae- 
queiMy that the relative weights of these moleauUa are 
proportioTuU to the densities. This is the .law, or, if 
we prefer it, the hypothesis, of Avogadro and Ampere, 
for we must acknowledge that a hypothesis here becomes 
mingled with the interpretation of positive foots ; but the 
hypothesis seems to be legitimate, and will be justified 
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presently. Chemists long ignored its import. Another 
conception was soon substituted for it, which acquired . 
an important place in science, without, however, gaining 
genei'al consent, though supported by the authority of a 
great name— that of Berzelius. 

II, 
In 1813 Berzelius conceived the idea that, in order 
to represent the composition of bodies, we must take 
into consideration the relative volumes in which simple 
gases combine to form compound gases. He developed 
this idea in a memoir upon the nature of hydrogen. 
It is well known, he says, that one volume of a gaseous 
body combines with one, two, or three volumes of 
another gaseous body ; we have only to determine, 
therefore, the weights of these volumes to know the 
relative weights according to which the gases combine 
with one another. It is obvious that the numbers thus 
obtained are similar to the atomic weights of Dalton, 
without, however, being identical. Again, though 
declaring himself a partisan of the atomic hypothesis, 
Berzelius held that it was better to keep to the theory 
of volumes, as having the advantage of being founded 
on well-established facts. In order to express the com- 
position of bodies by weight from this point of view, it 
is only necessary to find: — firstly, the number of element- 
ary volumes whicb unite to form a compound body ; 
secondly, the relative weights of these volumes — that is 
to say, the densities of the elements in the gaseous 
state. Hence the importance of the detCTmination of 
densities. Id 1814 Berzelius worked out a 
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number of these densities, referring them to that of 
oxygen, which he took as 100, 

Thns, the weight of an * elementary volume ' of 
oxygen being 100, 

that of an elementary volume of hydrogen will be 
6-218, 

that of an elementary volmne of nitrogen 88*6, 
that ot an elementary volume of chlorine 221*4.' - 

These weights express the qoantities of the bodies 
which enter into combination. In a great number of cases 
there are many difficulties in the way of the determina- 
tion, which can only be made in an indirect manner. 
In fact, at this |teriod Berzelius vza only acquainted 
with two simple gases of which he could obtain the 
density — oxygen, namely, and hydrogen. He at that 
time regarded nitrogen aa a body composed of nitrogen 
and oxygen, and was not as yet converted to Davy's 
opinion concerning the simple nature of chlorine. 

It would, therefore, be only in a very email number 
of cases that the weight of ' elementary volumes ' could 
be directly proved by experiment, and to determine the 
weight of non-gaseous simple bodies we should be forced 
to have recourse to hypotheses upon the composition by 
volumes of non-^seous elements. Let us take a few 

' We can judge of the accuracy of these nsunbera by referring 
them to 6-318 of hydrogen taken as nnity. The; then bear the 
ioltoning ratios to each other : — 

Hydrogen .... 1 1 

Oi^en ..... 1608 16 

Nitrogen .... 14-15 14 

Chlorine .... 36-11 35'G 
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ezamplea. What is the weight of an 'elementary 
volume ' of carhon P We know tliat carbonic acid gas 
contains its own voliune of oxygen. But do the two 
volumes of carbonic acid gas, which contain two volumes 
of oxygen, contain one volume or two volumes of carbon 
vapour ? In the first case the three volumes, two of 
oxygen and one of carbon vapour, are reduced to two 
from the effect of combination, a condensation similar 
to that of water ; in the second the condensation is 
one-half. Thus, on the first hypothesis, it is evident 
that the weight of the ' elementary volume ' of carbon 
is twice that which is attributed to it in the second. 
Referred to oxygen as 100, the weight of the ' element- 
ary volume ' of carbon ia 75*1 in the first case and 
37*55 in the' second ; and the corresponding formulse 
of carbonic acid gas will be CO, and 0,0,. Berzeliua 
adopted the first hypothesis, allowing himself to be 
guided by analogy. It seemed to him probable tiiat the 
ccmdensation of the elements of carbonic acid gas was 
similar to the condenBation of the elements of water. 

He also at this time admitted that the powerful 
bases must be composed of two elementary volumes of 
oxygen and one volume of metal. The composition of 
the oxides of sodium, potassiiun, calcium, iron, zinc, and 
lead was, therefore, represented by the formulae NaO,, 
K0„ CaOj, FeO„ PbO,, the weights of the element- 
ary volmnes of a great number of metals thus assuming 
a value double that which SeizeliuB attributed to them 
later. 

The theory of volumes, as it stood at that time, was 
therefore bristling with hypotheses and full of uncer- 
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tainiies. And yet this conception long held ita ground 
in science, especially ia France, where at a certain period 
it was the fashion to express the compoBition of bodies 
in ' volumes,' under the impresdon that the eubstitution 
of volumes for atoms had the advantage of offering a 
representation more in accordance with facta. But in 
reality it was not so : the volume occupied by carbon 
vapour, and the degrees of condensation- of the elements 
of carbonic acid gas, were hypothetical ideas, and these 
' elementary volumes ' represented the atoms themselves, 
at least in notation. 

Berzelius recognised this fiict in 1616. In his essay 
upon the theory of chemical proportions he modified 
considerably the views which he had published in 1813. 
The prevailing idea is no longer that of establishing the 
system of atomic weights upon the tiieory of volumes. 
Though Etui giving weight to the indications fm^iished 
by this theory, he endeavours to reconcile it with what 
he terms the ' corpuscular theory,' which is founded 
upon chemical proportions. The indivisible corpuscules, 
or the ultimate particles of bodies, are designated 
atoms— the most convenient term, because the one most 
in use. We might call them particles, molecules, or 
chemical equivalents, as all these terms appear to be 
synonymous to Berzelius. The relative weights of these 
atoms represent chemical proportions. The fixed pro- 
portions, which had been recognised for weights, again 
appeared in gaseous combinations for volmnes. Thus 
the theory of volumes and the atomic or coipuscular 
theory led to the same results, as far as the ponderable 
relations of elements in combinations are concerned: 
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what is called atom in one ia called volume in the other. 
It would seem, therefore, as if we might assiiailate the 
two Qotions, which indeed is necessary in the case of 
siniple gases. Equal volumes of the latter contain the 
same number of atoms, under the same conditions of- 
temperature and pressure. Berzelius observes that this 
law does not apply to compound gases ; for, he says, it 
sometimes happens that a volume of a compound gas 
contains fewer atoms than an equal volume of a simple 
gas. Thus one volume of aqueous vapour contains one- 
half as many atoms (compound atoms, molecules) as 
one volume of hydrogen. 

Such was the manner in which Berzelius, about 
1818, expressed the atomic hypothesis, which he founded 
partly upon chemical proportions and partly upon a 
peculiar conception of the law of volumes. Thb con- 
ception was not a very happy one. Not to mention the 
diffictilty which he created by applying the same term, 
atoms, to the ultimate indivisible particles of simple 
bodies and to the complex molecules of compound 
bodies, a confusion which had been avoided by Avogadro 
aad Amp^e, Berzelius at this time introduced into 
the language of science a formula which long held 
its ground, and which must now be considered as 
erroneous — namely,/the proposition that equal volumes 
of simple gases contain the same number of atoms. 
We shaU presently reconsider this point. We must 
here draw attention to the influence which the discoveries 
of 6ay-Lusaac exercised upon Berzelius in his attempt 
to bring the atomic hypothesis into harmony with the 
facts relating to the combination of gases. It is a 
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remarkable fact that neither Dalton nor Gay-LuBsac 
accepted the views of the Swedish chemist. The author 
of the atomic theory obstinately maintained his first 
idea of deducing atomic weight* solely from the 
ponderable relations of elements in combinatione. Gsy- 
LuBsac, again, confined himself to the immediate con- 
sequences of his diBcovery, not without forcing them to 
some extent, in certain caaea, by hypotheses upon the 
forms of condensation of the combining gaseous elements. 
He and Berzelius expressed the composition of bodies 
in volumes, the latter admitting that the relative 
weights of these volumes represented atoms, Gay-Lussac 
refusing to consider these weights as anything more than 
pondc^ble 'relations,' and inclining rather to the views 
of Davy. The latter, deviating to an equal extent from 
the profound conceptions of Dalton, and with the idea 
of completing them by the discoveries of the French 
chemist, confined himself strictly to established facts 
and to the consideration of 'proportional numbers.' 
After the ingenious but ignored attempts of Avogadro 
and Amp^e, and the unfruitful effort of Berzelius, 
Dalton's conception would have been sentenced to 
sterility and oblivion, had it not happened that, at the 
period of which we are speaking, firesh discoveries and 
new ideas drew attention to it. We allude to Prout's 
hypothesis, to the discovery of the law of specific 
heats, and to the discovery of isomorphism. 
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PROirrS HTPOTHBSIS — LAW OF SPECIFIC HEATS— 
IS0U0RPHI8U. 



— MlTaCBEBLlCH 



We must fiiBt return to Prout's hypothesis, not that it Ib 
of such great importance from our present point of view, 
but becauee it preceded the important discoveries which 
we shall presently mention. 

The aaonymous author of a memoir which appeared 
in 1815 • upon the relations between the densities ot 
bodies in a gaseous state and the weights of atoms, tried 
to prove that the densities of oxygen, nitrogen, and 
chlorine are integral multiples of that of hydrogen, and 
that the atomic weights of certain elements are similarly 
integral multiples of that of hydrogen. Amongst these 
elements we meet with some metals, the atomic weight 
of which had been determined by the author or by other 
chemists by the following excellent process : the quan- 
tities of metal were determined which, combined with 
o^gen, formed quantities of oxides capable of neutra- 
' Annalt nf Fhilesepky, vol.vii. p. 111. 
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lisiog the same qtiantity of an acid. The results appear 
in the following table : — 



Ca-20 

Fe-2S 



We will make no remark upon the author's con- 
siderations concerning the relations which may be traced 
between these nanibers and those irhich express the atomic 
weights of other elements determined with less accu- 
racy. These considerations were obscure and erroneous. 

The important point was raised by Frout in 1816, 
in a work to which he appended his name. * It is very 
advisable,' he remarked, ' to adopt the same unit for 
specific weights and atomic weights, and to take as this 
unit the weight of one volume of hydrogen. The same 
numbers will thus give the densities of gases and the 
atomic weights, or a multiple of these weights. If,' 
proceeds the author, ' these numbers are whole numbers, 
the fact under consideration may be interpreted by ad- 
mitting that hydrogen is the primordial matter which 
forms the other elements by successive condensations. 
The figures expressing these condensations — that is to 
say, the densities — would at the same time give the 
number of volumes of primordial matter condensed into 
a single volume of a given element, and the weight 
of this volume, expressed by a whole number, would 
represent the atomic weight of the element.' 
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The determinations of atomic weights, and even 
those of the densities of gases, were too inaccurate, at 
the time of which we are speaking, for Front's hypothe- 
sis to be taken into serious consideration. It was a 
conjecture. It has, as we know, been lately again taken 
up with great energy by Dumas.' 

But the accurate determinations of a number of 
atomic weights by Stas, notably those of chlorine, 
potassitim, sodium, and silver, by confirming or slightly 
rectifying the results formerly obtained by Marignac, 
have entirely annihilated the celebrated hypothesis in 
question. Unsuccessful attempts have been made to 
revive it, by taking as the unit, not the atomic weight 
of hydrogen, but the half or the quari^r of this weight. 
There are well-known atomic weights, particularly that 
of pota^ium, which are not a multiple of the fraction J, 
nor even of J. If, however, we retained the idea, which is, 
moreover, striking and profound, of a primordial matter 
the sub-atoms of which were grouped in different num- 
bers to form the chemical atoms of hydrogen and the 
various simple bodies, and attributed to these sub-atoma 

■ Dumas made a oommimication to the Acadgmie dea ScienoeB 
(Jammry H, 1878) relative to the atomic weight o£ Bilver, dis- 
caasing the error which had arisen in tlie determination of this 
atomic weight, from the property which metallic silver p 
of retaining about j^ of oiygen, if the latter has not been ci 
fnlly expelled by heating it in vacuo to eO0° C. Dnmas main- 
t^mi the nnmber 108, which he had previotiBly adopted. He 
TemarlcB that other atomic weights, described as forming excep- 
tions to Front's ' hyjothesis, might probably be included in 
the rule, if, in the process of weighing, account were taken of 
errors similar to those which he had pointed oat in the case o£ 
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a weight inferior to a quarter of that of hydrogen, 
aaeigning to it, for example, -^ of that weight, such an 
hypothesis would, I eay, escape all eiperimeutal verifi- 
cation, as the differences which it would then he our 
object to establish hetweep the atomic weights of the 
various simple bodies would fall within the limit of 
errors of observation. Such an hypothesis, though rea- 
sonable, ceases to be legitimate, aod positive chemistry 
for the present must abandon this theory of Prout's, 
this dream of the ancients upon the unity of matter 
and the compound nature of chemical dements. Does 
this mean that Frout wrote in rain ? By no means. 
His idea gave rise to valuable work and important dis- 
cussions, and the example which he set of referring 
atomic weights to that of hydrogen has been followed, 
for all chemists have adopted this unit But,at that 
time, as in our own, Front's conception produced no 
argument in favour of the atomic theory, and has 
exercised no influence upon the development of that 
theory. 

II. 

The discovery which we are about to mention is, on 
the contrary, one of the foundations of the atomic theory. 
It draws our attention to the relation which exists be- 
tween the atomic weights and the, specific heats of solid 
elements. In a memoir published in the < Annales de 
Chimie' in 1819, Dulong and Petit gave the specific 
heats of a great number of solid bodies, particularly 
met^s, and remarked that these specific heate were 
generally inversely proportional to the atomic weights. 
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Their olwerrations are summed up in the following 
table : — 





SpaSfiQHfflta 




Wslgbt of each Atom 

ommpifea.brtha 

Ospwdty. 


Bismatb 

Lead 

Gold 

Platinum 

mn . 

Silver 

Zinc. 

TellaiiiUD 

Niokel 

Iron . 

Cobalt 

Sulphur 






0-0293 

0-0298 
0-031* 
0-06H 
fr0557 
0-0927 
0-09J2 

o-ims 

0-1100 
0-1498 
0-1880 


13-30 
12-96 
12-43 
1116 
7-35 
6-7E 
4-03 

*-03 

3-69 
3-392 
2-16 
2-011 


0-3830 
0-3794 
0-3704 
0-3740, 
0-3679 
0-3769 
0-3736 
0-36T5 
0-3819 
0-3731 
0-3686 
0-3780 



This table contained several errors, wbich were cor- 
rected by V, Regnault. Thus the specific heats attri- 
buted to tellurium and cobalt Were much too bigh. On 
the other hand, the atom.ic weights adopted for these 
elements were too low. 

Disregarding these inaccuracies, which were after- 
wards corrected, we find that the atomic weights 
adopted by Dulong and Petit for a large number of 
metals differ materially from those admitted at the same 
period by Berzelius. The atomic weights of zinc, iron, 
nickel, copper, lead, tin, gold, and tellurium were half 
those which Berzelius attributed to the same metals 



' Referred to that of oxjgexL taken a 
QDmbers -witli those of Beizelios on p. 
o mnltiplj them by 100. 



nnitj. To compare these 
62, it will therefore onlj 
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in their principal oxides, which he then erroneously 
regarded as dioxides.' 

But DuloDg and Petit justly remark that the ordi- 
nary methods of determining atomic weights by chemi- 
cal proportions often give a choice between several 
numbers. 'There is always,' they say, 'something 
arbitrary in the determinations of the specific weight of 
elementary molecules (atomic weights) ; but the un- 
certainty only rests between two or three numbers, 
which always bear to each other a very simple ratio.' 
In this case we should prefer the number which agrees 
with the law of specific beats. Jforeover, the determi- 
nations adopted by Dulong and Petit are in accordance 
with the most firmly established chemical analogies. 
They only apply to a limited number of simple bodies. 
'Still the mere inspection of the numbers obtained 
points to a relation so remarkable in its simplicity as to 
be at once recognised as a physical law, susceptible of 
being generalised and extended to all elementary suj> 
stances. In fact, the products in question, which 
express the capacities for heat of atoms of different 
nature, are so nearly the same for all, that we cannot 
but attribute these very slight differences to inevitable 
errors, either in the determination of capacities for heat 
or in the chemical analyses.' This is quite true ; the 
errors have been corrected, and the exceptions disap- 

■ K ne snbatitaU for the doable atomic weights of Beraelios 
those which Dnlong and Petit c^cnlaited from ttie specific heats, 
the followii^ formnlee of Betzelins, ZnOa PeOp NiO„ CuO„ PbO„ 
SnOj, AdO„ will become ZnO, FeO, NiO, CnO, PbO, SnO, AaO. 
That the latter are correct Berzelios did not hesitatB to ac- 
knowledge. 
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peared one by one. But this result was only obtained 
upon the completion in some points of the great re- 
searches commeDced in 1840 by V. Begnault upon 
specific heats, vhich has only very recently been accom- 
plished. A reform in the system of atomic weights was 
also necessary, a reform which has taken place slowly 
and by degrees. 

Dulong and Petit recognised the importance of 
their discovery and did not exaggerate it. They 
brought to light a great law of nature, which th^ 
expressed in the following striking fonn : ' The atoms 
of all simple bodies have precisely the same capacity 
for heat.' * This simple statement was of the greatest 
valne to the idea of atoms, which until then rested 
upon purely chemical considemtionB, for we here meet 
with a physical relation between atoms, to which another 
physical relation was soon added — that, namely, existing 
between the density of gaseous bodies and the weight of 
tbeir ultimate particles. In both cases the true formula 
had been wanting. Dulong and Petit readily discovered 
it as &r as concerns the specific heats of atoms ; Berze- 
lius bad been less fortunate in his attempt to define the 
volumes occupied by the latter in gases. 



III. 

Those were times of great activity, and the fertile 
discovery which we bave just mentioned was soon fol- 
lowed by another, which exercised a manifest influence 

' Loc, cit., p. iOC. 
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upon the development of chemical theories. In the 
month of Decemher 1819 £. Mitscherlicb made known 
the law of iBomorphism. The experiments which he 
was making upon phoephatee and aieenates led to the 
diaoovery. He first established the fact that these salts 
resemble each other in composition, if this composition 
ia represented in 'proportions,' phosphoric acid consisting 
of one proportion of phosphorus and five proportions of 
oxygen, and arsenic a«nd of one proportion of arsenic 
and five proportions of oxygen. This being granted, he 
observed, further, that the phosphates and arsenates of 
the same bases, combined with the same quantity of 
water of crystallisation, possess the same crystalline form. 
There is, therefore, a correlation between anqlogy of 
composition and identity of crystalline form, and it is 
this which constitutes the discovery. After having esta- 
blished this correlation for salts of the same base formed 
by two different acids, Mitscherlich observed it again in 
analogous salts formed hy the same acids united with 
different bases. Thus potash and ammonia on the one 
hand, and baryta, strontia, and oxide of lead on the 
other, form, with the same acids, salts anaii^ouB in 
composition and identical in crystalline form. The 
same identity of forms is found in the carbonates of 
lime, iron, zinc, and manganese. Mitgcbertich was 
continually adding t« his first examples. He showed 
the identity of the forms of certain sulphates of the 
magnesian group, which crystallise with the same 
quantity of water, such as the ortborhombic sulphates 
of magnesia, zinc, and nickel, and the clinorhombio 
sulphates of iron and cobalt ; and the insignificant errors 
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which crept into these eaAj experiments had at le^st 
the advantage of strengthening his conviction. Though 
he was wrong in affirming that the different forma of 
sulphate of iron and sulphate of zinc are due to a dif- 
ference in the quantities of water of crystallisation, he 
shows that in magnetite and gahnite, which belong to the 
group of the spinels, the ferrous and zincic oxides form 
isomorphous combinations with ferric oxide. He pre- 
pared iron alum, and showed its isomorphism with 
ordinary alum, &c. 

The first definition of the law of isomorphism — that 
acids of analogous composition and bases of analogous 
composition, the former with the same base, the latter 
with the same acid, form salts of identical crystalline 
form — was not absolutely correct. Mitscherlich himself 
recognised this subsequently. His discovery of di- 
morphism revealed the fact that th« same suhgtance can 
crystallise in two difierent forms. It must, therefore, 
be also possible for two substances of different nature, 
but of analogous composition, to crystallise in two dif- 
ferent forms. 

Pacts of this nature, which are exceptions to the 
law, may be regarded as eases of dimorphism. Mit- 
scherlich also observed that substances which are reaUy 
isomorphous, which combine and replace each other 
in the same crystal in every proportion, do not always 
present a perfect identity of form in isolated crystals, 
the number and value of the faces and ajigles being 
liable to slight variations, though the general form of 
the crystal remains unchanged. 

Such is the discovery of Mitscherlich, and we must 
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now describe the influence which it has exercised upon 
the development of the atomic theory. 

Mitscherlich himself admitted, in his first memoir, 
that the dmllaiity of properties in compounds of 
analogous composition and identical form could scarcely 
be attributed to identity of crystallisation, but that the 
explanation must be sought for in a primary and 
mj^terioua cause, to which must he referred, on the 
one hand, the fact of combination by fixed ' volumes ' 
(or atoms), and on the other the resemblance of crystals. 
This primary cause is the atomic structure of the 
bodies. A similar atomic constitution not only deter- 
mines the analogy of chemical properties, but also 
the similarity of physical forms. Mitscherlich thus 
declares himself a supporter of the ideas of Berzelius 
upon the constitution of bodies. Following the example 
of the latter, he express^ it first in 'volumes' and 
afterwards in atoms. The memoir published in the 
' Annales de Ohimie et de Physique ' of 1821 bears the 
following significant title : Upon the identity of crya- 
talline form, in vai'ioits evhstancee, and the relation 
between this form and the number of elementary 
atoms in the crystals. We have already mentioned the 
restrictions which Mitscherlich was obliged to place 
upon his original idea. In a work presented to the 
Stockholm Academy in 1821 he endeavours to give 
them precision. He there proposes the following 
questions : — Do compounds formed by difiisrent elements 
with the same number of atoms of one or several other 
elements possess the same crystalline form ? Is identity 
of crystalline form determined by the number of atoms 
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alooe, and is this form independent of the chemical 
nature of the elements ? 

The replies to these questions are not as absolute 
as the principle. For the form to remain unchanged 
in analogous compounds, the elements which replace 
each other must be mutually isotaorphous, as phos- 
phorus and arsenic, or barium, strontium, and lead. 
Having further observed that certain salts, such as the 
acid phosphate of soda, can crystallise in different 
forms, although in the two cases the composition is 
identical, he attributes this dimorphism to a different 
arrangement of atoms. Thus the idea that chemical com- 
pounds are formed of atoTns, and that the number and 
arrangement of these atoms exercise an influence upon 
the physical form of crystals, had evidently made an 
impression upon him ; and the idea is natural, although 
it is founded upon a comparison some terms of which 
are wanting. A crystal may be compared to an edifice 
of definite form. We see its production, growth, and 
modification. Is it not natural to suppose that this 
form is due to the accumulation and arrangement of 
materials, which we call atonas? We are doubtless 
using figurative language when we compare the mole- 
cular edifice, and its construction from these invisible 
materials, to a monument of human architecture, which 
rises piece by piece before our eyes. But the necessities 
of the case are so perfectly answered by this repre- 
sentation that it has passed at once into the language 
of our general explanations and demonstrations. 

However this may be, the atomic theory evidently 
exercised an influence upon the conception of Mitscher- 
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lich and upon the manner in which be stated his 
discovery. The same number of elementary atoms, he 
said, combined in the same manner, pixiduce the same 
ctystaUine form, and this fonn ia independent of the 
chemical nature of the atoms and determined solely hy 
their number and arrangement. In spite of necessary 
restrictions and established exceptions, so great a law 
could not but act as a solid support to the atomic 
hypothesis, which had contributed such precise and 
simple terms for the enonciatiou of that law. 

IV. 

But this is not all. Mitscherlich's discovery was 
the cause of important changes introduced by Berzelius 
into the system of atomic weights which he had esta- 
blished in 1813, and into the notation of which they are 
the origin. 

He had previously fixed the atomic weight of 
chromium and iron by attributing to chromic acid the 
composition CrOg and to ferric oxide the composition 
FeOj. He now halves the atomic weight of chromium, 
attributing to chromic acid the formula CrOg, which 
makes it agree with anhydrous sulphuric acid, SOg. 
Chromium oxide now assumes the composition CrjOj, 
and, on account of the isomorphism recognised between 
chromium oxide and ferric oxide (chrome alum and 
iron alum), the latter oxide becomes Fe^Oj and ferrous 
oside FeO. Thus was Berzelius forced to abandon an 
opinion which he had long entertained, one which 
Dalton, moreover, had never admitted — namely, that a 
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binaiy cotapoand (that ie to say, a combiDatioD of two 
elemente) must always contain a single atom of one or 
the other element. The ezisteDce of sesquioxides, 
KjOj, was finally admitted. 

But the halving of the atomic weights of chromium 
and iron occasioned other changes. 

The chemical aQal<^es and isomorphism of ferrous 
oside, FeO, with lime, magnesia, and ozide of zinc made 
it necessary to attribute to these oxides, and to the 
strong bases in general, the composition of protoxides, 
EO, and consequently to halve the atomic weights of 
a great number of metals, as indeed had already been 
done by Wollaston, Dulong and Petit (see p. 53). 
The old fonnube of the sulphstes of iron and zinc — 

FeOa3SO,+ l*H,0; ZnO„iJSO, + l*H,0— 
became, therefore^ 

FeO. 8O, + 7H,0; ZnO, 80, + 7H,0. 

These lower atomic weights agreed, moreover, 
with the law of specific heate. Berzelius draws atten- 
tion to this fact, and in future, in the determination 
of atomic weights, follows three principles whicli 
mutually support each other. 

1. The law of volumes. He steadily maintains the 
propositions which he had previously stated — namely, 
that equal volumes of simple gases contain an equal 
number of atoms. This proposition was soon to be 
refuted by tlie experiments of Dumas and Mltschetlich. 

2. The law of Dulong and Petit. This law is sub- 
ject, it is true, to some exceptions, but is of great as- 
dstance in certain cases, where it enables us to control 
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other determinations. The ezperimeuts of Reguaiilfc 
diminished the number of these exceptions, but it is 
only very recent investigations which have caused their 
final diBappearance. 

3. The law of isotaorphlsm. We have seen in the 
preceding pages the assistance which Berzelius obtained 
from this law in the determination of atomic weights. 
We here give the list of atomic weights as given by 
the great Swedish chemist in 1826, and repeated by him 
without iteration in 1835. 







Atomic Welghto 


Atomic WeWita 
pefemi to H j- 




Symbols 








0l7g™«l(« 


dngenul 


Oiygen 





JOO 


16-02 


Hydrogen 




H 


6'S398 


1 


CftTbon. 




C 


76'41 


12-26 


Boron . 




B 


136-2 


21-82 


PhoBphorus 




P 


19611 


31-44 


Snlphvu 




S 


aoiiT 


32-21 


Selenium ■ 






49*-B8 


79-26 


Iodine . 




I 


7e9'76 


126-56 






Br 


189-76 


78-40 


CUorine 




01 


221-S3 


3B-18 


Fluorine 




F 


1I6'9 


18-74 


Nitrogen 




N 


88-52 


14-18 


Potaasimn 




K 


489-92 


78-62 


Sodium 




Na 


290-90 


46-62 






L 


80S3 


12-88 


Bariuin 




Ba 


866-88 


137-32 


Strontimn 




Sr 


617-29 


87-70 


Calcium 




Ca 


256-02 


41-04 






Mg 


Io8'35 


26-38 


Yttrium 




T 


402-51 


64-50 


Glacinran 




Gl 


331'26 


63-08 


Aluminium 




Al 


171-17 


27-41 


Thorium 




Th 


744-90 


119-30 


Zirconium 




Zr 


420-20 


67-34 


eilicon , 






277-31 


44-44 


Titanium 




Ti 


303-66 


18-66 


Tantalnm 




T» 


1153-72 


184-90 


Tungsten 




W 


1183-00 


189-60 
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Bfrabola 


AtoiBlo wnthia 


Atomlo Wetobti 
KfemdtoSr- 






O.JE««t»0 


diw«Ml 


MolyMenam 


Mo 


698-63 


95-92 




V 


856-89 


187-33 






Cr 


351-82 


66-38 






Ut 


2711-36 


434-62 


Manganese 




Mn 


346-89 


55-44 


Areenio 




As 


470-04 


76-34 


Antimony 




Sb 


806-45 


129-24 


TeUurinin 




Te 


801-76 


128-60 


Biamnth 




Bi 


8S8-B2 


142-14 


Zinc . 




Zn 


403-a3 


64-63 


Cadminm 




Cd 


696-77 


111-66 


Tin 




8n 


736-29 


117-84 


Lead . 




Pb 


1294-eO 


207-46 


Cobalt . 




Co 


368-99 


B9-1* 


Nickel . 




Si 


369-68 


69-24 


Copper. 




Co 


39B-T1 


63-42 


Mercnry 




Hg 


1266-63 


202-86 


Silver . 




■^ 


1351-61 


216-60 


Oold . 




An 


ia43-01 


199-20 


Flatiniim 




Pt 


1333-60 


197-70 


Rtllaaium 




Pd 


665-90 


106-72 


Ehodinm 




H 


661-39 


KM-40 


Iridinm 




It 


1333-50 


197-68 


Osminin 


1 


OS 


1244-49 


198-41 



The atomic weiglits of Berzelius are referred to 
oiygenas 100. Dividing the numbers which express the 
atomic weights by 6-2398, the atomic weight of hydro- 
gen, we obtain the numbers given in the second column, 
which are referred to hydrogen taken ae unity. The 
compariBon of these numbers with those adopted at the 
present day, which will be presently given, leads to two 
important remarks. 

In the first place, the system of atomic weights 
which met with the approval of Berzelins is very similar 
to that which is adopted at the present day. With the 
exception of a few modifications which have been added 
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to it,' and which do not affect the ruling principles and 
general features of the whole, we only discover one 
important difference between the two systems. This 
difference arises from tlie atomic weights of the alkaline 
metals, and of silver, which are twice as great as those 
which chemical analogies and the law of Dulong and 
Petit have now forced us to adopt. We shall presently 
return to this point. Secondly, in examining these 
nambers of Berzelius, we are struck by their accuracy. 
Most of these numbers only differ in the decimals from 
those which we now adopt as trae. Such is the result 
of the enormous amount of labour expended by the 
Swedish chemist upon the determination of the atomic 
weights. It is a lasting moniunent which he has raised 
to science and his own glory. 

Nevertheless Berzelius never succeeded in persuad- 
ing all chemists to adopt his system of atomic weights. 
Dissentient voices are always to be beard. Gay-Lnssao 
and WoUaston, following the example of Dalton and 
Thomson, adhered to the atomic weights denved solely 
from the consideratioo of the equivalent quantities 
which enter into combination. Gmelin adopted the 
same ideas in the several editions of his great work, 
and contributed greatly in the course of time towards 
the introductipn of the eqiaivalent notation. 

Berzelius made a concession upon one point to all 
these opponents. He introduced the idea of double 
atoms and applied it to certain gases, such as hydro- 
gen, nitrogen, chlorine, bromine, and iodine, the atomic 
weights of which were only half those admitted by 

' Among otheie the atomic weights oi oranium, silicon, ftc 



jNGoogle 



BBRZELIUS'3 SYSTEM OF ATOMIC WEIGHTS. 6i> 

other chemists. These double atoms were supposed to 
enter into combination in pairs, and every pair repre- 
sented precisely what others termed 'the proportion' or 
'equivalent.' Wat«r was therefore composed of a 
double atom of hydrogen united to one atom of oxygen, 
and this combination .was represented by the symbol 
HO. Hydrochloric acid and ammonia were foiTiied, 
the first of one double atom of hydrogen united to one 
double atom of chlorine, the second of one double 
of nitrogen united to three double atoms of hydrogen. 
The formulae HO, H61, H^N, were really equivalent to 
the formulse H,0, H^Clj, H^Nj, but remind us <Jf the 
notation HO, HCI, HgN, employed by Gmelin and 
others. It was, in feet, a step backwards. In admitting 
double atoms Berzelius unnecessarily doubled a number 
of formulae ; and if it is true that H,0, H^Clj, represent, 
from a certain point of view, equivalent quantities of 
water and hydrochloric acid, it is equally true that 
these formulse do not represent true molecular magni- 
tudes. Gerhardt subsequently showed that if a molecule 
of water, occupying two volumes of vapour, ia repre- 
sented by the formula HO, a molecule of hydrochloric 
acid occupying two volumes of vapour should be repre- 
sented ty the formula HCI, and a molecule of ammonia 
by HjN". It ia true that the formula HjCl, corresponds 
to the formula PbCI„ ZnCl^, CaClj,'and KCi^, by which 
Berzelius represented the chlorides of lead, zinc, calcium, 
and potassium. But we now know that the molecules 
of all these chlorides are not, strictly speaking, equiva- 
lent, and that if the three first are tme the fourth must 
be halved. The law of specific heats forces us, in fact, 
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to balve the atomic weight of potassium, and conse* 
quently to represent its chloride by the formula KCI, 
which answers to HCl. The latter formula represents 
two volumes of vapour, as do the fonnulEe of water, HjO, 
and of ammonia, HgN". 

AH these inaccuracies which we have pointed out la 
Berzelius's system of atomic weights and notations arose 
from an erroneous conception of the law of volumes. 
Instead of regarding as equidistant, and equally distri- 
buted in equal volumes of gases or vapours, the particles 
of the second order, or the molecules of simple and com- 
pound bodies, as Avogadro and Ampere had done, and 
later Gerhardt, Berzelius only considered the primordial 
atoms of certain simple gases, holding that they alone, 
and not the 'compound atoms,' are distributed in 
equal numbers in equal volumes. We know now that 
this is an erroneous idea, and that the hypothesis of 
Avogadro and Ampere, long forgotten, but restored 
to its due place of honour by Gerhardt, applies to the 
single molecules orparticles of the second order, which, 
whether simple or compound, constitute the ponder- 
able matter of gases and vapours. 
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SYSTEM OF CHEMICAL P:t(UIVALBNTS^EQDITALENt NOTATIOB. 

r. 

Tee interpretation which Berzelius had given of the 
law of Tolumes formed, as we have Been in the pre- 
ceding pages, one of the foundations of hia syatem of 
atoniic weights and of his notation. Thi^ foundation 
waa destroyed by the researches of Dumas, and aubse- 
quently of Mitacherlich, upon vapour densities com- 
menced in 1827. Dumas noticed that the vapour 
density of mercury is sensibly equal to 100, hydrogen 
being taken as unity. The vapour densities of mer- 
cury and of oxygen are as 100 : 16 or aa 50 : 8. If 
the atomic weights were proportional to the denaities, 
8 of oxygen ahould combine with 50 of mercury to 
form mercuric oxide. This is not the case ; mercuric 
oxide is composed of 8 of oxygen and .100 of mercury, 
and it is the latter number which Berzelius had adopted 
for the atomic weight of mercury. If equal volumes of 
oxygen and of mercury vapour contain the same num- 
ber of atoms, their denaitiea should be in the ratio of 8 to 
100, or, in other words, the density of mercury vapour 
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ia only half what it should be. We have here evidently 
a well-marked exception, or, better, a manifest contra- 
diction between the facte and the principle admitted 
1^ Berzelius. Other exceptions may be mentioned. 
The vapour deneities of sulphur and phosphorus deter- 
mined by Dumas in 1832 were found to be, in the first 
case, three times as great, and in the second twice as 
great, as those indicated by theoiy. Chemical con- 
siderations have caused a composition, expressed by the 
formulae H^ and SOg, to be attributed to sulphuretted 
hydrogen and sulphuric anhydride. From these formulse 
the ratio between the atomic weights of sulphur, 
o^gen, and hydrogen is expressed by the numbers 
32 : 1 ', 16, and the densities should be in the same 
ratio. Now, the vapour density of sulphur taken 
at about 560° is 96, hydrogen being taken as unity. 
From this density a quantity weighing 32 in the mole- 
cule of sulphuretted hydrogen would not represent an 
atom of sulphur, but J of an atom, and the formula of 
sulphuretted hydrogen, expressed in conformity witii 
the law of volumes, would be H,SJ, which is inadmig- 
sible. 

From the formulas PHj and PaOj, adopted for phos- 
phoretted hydrogen and phosphoric anhydride respec- 
tively, the relation between the atomic weights of 
phosphorus, hydrogen, and oxygen should be expressed 
by the numbers 31 T 1 ; 16. Now, the vapour density 
of phosphorus is equal to 2x31 = 62. If, therefore, the 
density of sulphur vapour is three times greater than 
that indicated by theory, that of phosphorus is twice as 
great. The case is the same with that of arsenic, from 
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an experiment of MitscherHch, who also coDfinned, in 
1833, the results obtained by Dnmas upon tJ»e vapour 
of mercury, aulphor, and phosphorus. 

We here, therefore, meet with a Berious difficulty. 
For its solution two courses are open to us : we must 
either maintain the principle of the equality of the 
number of atoms in equal volumes of gases or vapoure, 
and determine to assign to mercury, sulphur, phosphorus, 
and arsenic atomic weights which shall conform to the 
vapour densities, although they are less probable, and 
consequently to give their compounde the formuhe Hg,0, 
H,8^, P^Hj ; or else it will become necessary to sacri- 
fice the principle under discueaion, in order to enable 
ua to adopt the atomic weights, HgO, indicated by 
chemical analogies and the law of specific heats. The 
atomic weights of mercury, sulphur, phosphorus, and 
arsenic being, therefore, 200, 32, 31, 73, referred to 
hydrogen as unity, the preceding formulse become 
HgO, H,S, PH„ and AbH,. 

It is the latter course which chemistfl have adopted, 
since they were properly unwilling to n^lect more 
evident analogies. But the adoption of these atomic 
weights involves the following consequences : — 

1. The vapour of mercury, the density of which is- 
only half that required by the atomic weight assigned 
to mercury, evidently contains half the number of 
atoms contained in an equal volume of hydrogen. 

2. The vapour of sulphur, which at 500° is three 
times as dense as it ehould be irom the atomic weight 
assigned to sulphur, contains, at this temperature, three 
times the number of atoms contained in an equal 
volume of hydrogen. 
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3. The vapours of phosphorus and arsenic, which 
are twice as dense as they should be from their atomic 
weights, evidently contain twice as many atoms as an 
equal volume of hydrogen. 

The atomic constitution of gases or of elementaiy 
vapours is not, therefore, always the same, as Beizelius 
for a long time supposed. If we compare gafies or ele- 
mentary vapours, as far as concerns the number of atoms 
which they contain, to the vapour of mercury, which 
contauiB the least, we shall have the result that, if 
mercury vapour contains in a certain volume one atom^ 
hydio^n, oxygen, nitrogen, chlorine, bromine, and 
iodine contain 2, phosphorus and arsenic contain 4^ 
while sulphur at 500° contains 6. The relations be- 
tween the number of atoms contained in equal volumes 
of gases or of vapours may be obtained by dividing the 
density of the gas or vapour by the corresponding 
atomic weight. We shall thus obtain Uie following 
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We have, therefore, to diBtinguiah monatomic, 
diatomic, tetratdmic, and hexatomic gases. Crmelin has 
already introduced into ecieiice a siinilar distinction, 
which has now become so important. At p. 54 of the 
first volume of the fourth edition of his treatise be 
gives a table analogous to the preceding, with some dif- 
fereuces due to the different atomic weights adopted. 
Those used in our table are those of Berzelius (p. 62), 
which are now adopted for the respective elements. 

With Grmelin and other chemists who soon followed 
his example it was different. As we have already 
remarked, the former maintained the proportional 
numbers which he designated in the first editions of his 
classical treatise by the erroneous term of ' Mischungsge- 
wicfate,' ' and which he referred to hydrogen as unity, 
following the example of Dalton. In the fourth edition 
of his work he returns to the tenn atomic weights, but 
the numbers thus designated were identical with the 
proportional numbers or equivalents. 

II. 

The system of chemical equivalents and the notation 
derived from them gradually prevailed over the system 
of atomic weights and the notation of Berzelius, and 
are still preferred by some French chemists. It will 
therefore be useful to explain the principles upon which 
this equivalent notation rests, and particularly the 
arguments used by Gmelin against Berzelius in the 
question which forms the chief point of the discussion — 
' IjteiaHj 'mixing weights,' instead of 'combining welgbla.' 
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viz. the atomic weights of hydrogec, nitrogen, phos- 
phorus, aTBeoic, chlorine, bromine, and iodine, which 
are half the proportional numbers or equivalents. 

1. The atomic weights are deduced from the densi- 
ties of the gaseS) and are founded upon the hypothesiB 
that these gasea contain an equal number of atoms in 
equal volumes. Now, this hypothesia is contradicted 
bj experiment, as for as concerns the vapours of sulphur, 
phosphoniB, arsenic, and mercury. Gmelin also re- 
marked that certain gases — hydrochloric acid, for 
example — contain in equal volumes only half as many 
atoms as chlorine and hydrogen.' 

There in, therefore, no reason for the adoption of the 
halved atomic weights of Berzelius, aud his doiihle 
atoms are the true atoms — that is to say, the equiva^ 
lents. 

2. The small atoms of which he speaks never enter 
singly into any combination. Neither do they ever 
enter into combination in uneven numbers, such as 3, 
5, 7, &c., but always in even numbers, such as 2, 4, 6. 
Thus .water contains H^O, and hydrochloric acid H^Cl,, 

■ and ammonia H^^,. The atomic weights of hydrogen, 
chlorine, and nitrogen ought, therefore, to be doubled, 
so as to give the above compounds the simple formulas 
HO, HCl, and H^N. 

3. We should admit that heterogeneous atoms 
unite in the simplest proportions, and the value of the 
atomic weights ought to be doubled in order to repre- 
sent these simple relations. Thus, when a metal only 
combines with oxygen in a single proportion, it should 

' HCl was tlieii called au atom of hydioclilorlc acid. 
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be supposed that the combination takes place atom with 
utom, unless iaomorphism points to the contrary ; and 
when a metal forms several combinations with oxygen, 
the strongest base onght to be auppoaed to be a com- 
bination of one atom of metal with one atom of oxy- 
gen. 

4. The sum of all the atomic weights of an acid 
should represent the weight of the acid wbich saturates 
a quantity of base containing one atom of oxygen. 
Thus 40 parts of sulphuric acid saturate lll'S parts of 
oxide of lead, which contain 8 of oxygen (one equiva- 
lent) and 103-8 of lead (one equivalent). These 40 
parts consequently represent the sum of the equivalents 
of oxygen (24 = 3x8) and of sulphur (16); 16 is there- 
fore the equivalent of sulphur, the formula of sulphuric 
acid being SO3. The question of equivalence ia hero 
very clearly put, almost in the terms used by Dumas in 
1828 in the first volume of his celebrated treatise on 
chemistry applied to the arta. 

5. The same formulae ought to be assigned to iso- 
morphous compounds as well as to compounds of the 
same order formed by simple and similar bodies, such 
as cobalt and nickeL 

We will briefly examine into the value of these argu- 
ments,' reserving the development of some of the points 
here mentioned for the following chapter. 

1. Gmelin justly observed that there are exceptions 

to the principle laid down by Berzelius of the equality 

of the number of atoms in equal volumes of a gas or a 

I No objection can be made to the last principle (No. 6), which 
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vapour, and that conseqtieiitly the weights of equal 
Tolumes do not always represent the atomic weights. 
This is admitted. Bat when he remarks that one volume 
of hydiochlorio acid gas only contains half the number of 
atoms contained in one volume of chlorine or of hydit^n, 
he evidently confuses atoms with molecules. It is now 
admitted that equal volumes of these gases contain the 
same number of molecules, and we may remark that, in 
the present case, they also contain the same number of 
atoms, as is shown l^ the following formulae : — 

H, = 2to!. C1,-=2toI. HCl— 2to]. 

1 moleonle of 1 mol«ODle of 1 molocole of bydro- 

hydrogen. ddoilae. chliKls ocdd. 

2. It is not correct to say that the small atoms of 
Berzelius do not enter into combination in uneven 
numbers. If a molecule of water is represented by the 
formula 11,0=2 vol., a molecule of hydrochloric acid is 
represented by the formula HCl =2 vol., and a molecule 
of ammonia by the formula NHj. The double formula 
of BerzeliuB, HjClj and NjHg, did not represent the true 
molecular mafises ; they were double the true number 
and ought to be halved, as was first proposed by 
C^erhaidt. The sm^ atoms of Berzelius, H=6*24, 
Cl= 221*3, N=88*5, tlierefore represent the true atomic 
weights of these elements, referred to oxygen as 100, and 
the ratio between these numbers is identical with 
the ratio between the numbers 1 : 35-5 : 16, which 
are now accepted as the atomic weights of these ele- 
ments. 

3. The statement is correct that heterogeneous 
atoms generally unite together in very simple propor- 
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tions. This feet becomes evident if we allow ourselves 
to be guided in detenmning atomic weights and in 
constructing formulae, not only by chemical considera- 
tions, but also by the great physical laws which have 
been described — namely, the law of volumes, of specific 
heats, and of isomorphism. Purely chemical considera- 
tions might lead us into error. Thus it is not correct 
to say that the strong bases ought always to contain 
one atom of metal and oTie atom of oxygen. Lime, 
* baryta, strontia, cupric oxide, mercuric oxide, &c., con- 
tain, it is true, 1 atom of metal and 1 atom of oxygen ; 
but oxide of silver, wbicb is a strong base, contains 2 
atoms of metal for 1 of oxygen, tJie atomic weight of 
silver being determined by the law of specific heats. 
As far as concerns oxide of silver, therefore, we make a 
mistake if we invoke analogy in order to connect it 
with the preceding oxides in respect to its atomic 
constitution. 

4. The principle of equivalence made use of by 
Dalton, Wollaaton, Gaj-Lussac, and Cimelin for the 
determination of equivalents (which Dalton and Ctmelin 
called atomic weights) would be admirable if it could 
be applied rigorously either to elements or to com- 
pounds. 

But we now know that all atoms are not equivalent, 
and that the case is the same with molecules and with 
the reactions to which they give rise. 

Atoms differ in their combining or substituting value 
— ^in their valency, as it is called — molecules in their 
state of condensation and their degree of saturation, and 
reactions in the greater or less extent of their com- 
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plezity. As we have remarked above coDceniiiig 
oxides, it is impossible to cast all tbis in tbe same 
mould. 

To retnnt to the exact point of the discussion, it is 
impossible to consider a molecule of nitric acid and of 
phosphoric acid as equivalent ; and if, in conformity 
with the rule laid down by Gmelin, 14 is the equivalent 
of nitrogen because nitrate of silver contains 14 parts 
of nitrogen for 108 of silver, 10-5 should be the equiva^ 
lent of phosphorus, for it is the weight of phosphorus 
contained in a quantity of phosphate of silver contain- 
ing 108 parts of silver. Now, all chemists admit that 
the equivalent of phosphorus is 31*4; but then we 
must no longer consider a molecule of nitric acid as 
equivalent to a molecule of phosphoric acid, for if the 
former saturates a quantity of oxide of silver containing 
1 atom of silver, the latter saturates a quantity of oxide 
of sOver containing 3 atoms. In fiict, the discovery of 
polybasic adds proved a serious difficulty to the theory 
of equivalence ; it showed that chemical molecules are 
not equivalent, as was shown for atoms by the law of 
volumes. Moreover, Gmelin felt that he had met with 
a difficulty, for he mentions polybasic acids as forming 
an exception to the theory of equivalence. It is some- 
times said — I do not know for what reason — that 
exceptions prove the rule ; in the present case they 
have become so numerous and so striking that they 
have overthrown it. The discovery of polybasic acids 
has, in fact, been supplemented by other discoveries, 
and they have completely modified the old ideas upon 
the equivalence of molecules and of reactions. But 
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this is not the proper place to develope this point, and 
we will merely add a remark which seems importanL 

Dalton and Gay-Lussac alone applied true principles 
to the determination of equivatente. Dalton attributed 
to phosphorus the atomic weight 10*3 ; it represents 
the quantity of phosphorus which combines with 1 part 
of hydrogen : to carbon the atomic weight 4-3 (instead 
of 6) ; it represents the quantity of carbon which unites 
with 1 of hydrogen to form hicarburetted hydrogen. 
Gay-Luflsac started &om another point of view. Con- 
sideiing ordinary phosphate of soda as neutral, he 
admitted in this salt the presence of one equivalent of 
base and consequently one equivalent of sodium. He 
therefore expressed its composition by the formula 
POj^.NaO + Aq,' and attributed to phosphorus the 
proportional number 15*7. The quantity of neutral 
phosphate of soda which is proportional or equivalent 
to a molecule of nitrate of soda, NOj.NaO, or of silrer, 
NOj.AgO, ought, in fact, only to contain 1 atom of 
metal, like the latter. 

Applying the same prijiciples in other cases, be 
wrote ferrous oxide FeO and ferric oxide Fe§0. 

Ferrous sulphate, SOg.FeO, was strictly equivalent 
to ferric sulphate, 80j.Fe|0. 

Berzelius, on the contrary, who had at last decided 

' P = 16-7; — 8. At trhie time no account was taken of basic 
water. Gaiy-Lussac ttierefore involuntarily committed m error in 
the determination of the eqitivaleat of pbosphorio acid. In fact, 
tbe qTiantitieB of phosphato of soda and of nitrate of silver which 
enter into reaction, and which are strictly equivalent, are 
^P0,tla^) and NO,Ag, and the quantity of phosphoma in 
J<PO^B.,H) ia 10-5. This is tlie number of Dalton. 



vGoogIc 



78 THE ATOMIC THEORY. 

to admit the exiBtence of aesquioxidee, proved that they 
unite with 3 atoms (molecules) of acid. He con- 
aequently represented ferrous and ferric sulphates by 
the formulse SOj.FeO and 3S0j.Fej,0,. Is it not 
evident that he was less consistent than Gay-Lussac, 
and that these formulse do not represent equivalent 
quantities P It is only a strange abuse of language, not 
to say a logical error, to consider as equivalent a mole- 
cule of ferric oxide, which saturates 3 molecules of 
Buiphurie acid, and a molecule of ferrous oxide, which 
only saturates 1 molecule. Formulee analogous to those 
of the sulphates of the sesquioxidea, such as those of the 
phosphates and of several other compounds, which are 
now distinguished by the name polyatomic, reveal, there- 
fore, serious inconsistencies in the equivalent notation, 
and we must choose between such inconsistencies and 
the graver inconvenience of misrepresenting reaetions 
by referring them to strictly equivalent proportions. 
This point will be developed in the following chapter. 

The preceding discussion renders it sufficiently 
evident that the system of.chemical equivalents, and of 
the notation derived from them, introduced by Dalton, 
WoIIaston, Davy, Gay-Lussac, and Crmelin, were based 
upon too narrow a foundation for the entailed edifice of 
chemistry. Our present system of atomic weights and 
our notation rest upon a wider foundation. Their 
establishment has required the numerous efforts which 
have been perseveringly maintained for a period of 
thirty years. 
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PRESENI STSTEH OF ATOUIC WI1I6HT3. 



I. 



Thb equivalent notation of tbe English chemiste and 
of Gay-Lussac, which was adopted by Lieblg and 
defended by Gmelin in 1843, had, at the period of 
which we are speaking, gained the almost uoaniDious 
approval of chemists ; they were struck with the excep- 
tions presented by the law of volumes as it was then 
interpreted, by the useless complication which the con- 
ception of the double atoms bf Berzelius had introduced 
into a large number of formuhe, and they were satisfied 
with the more simple expressions which the notion of 
eqiuvalents offered for chemical reactions and com- 
binations. The law of volumes was entirely sacrificed. 
The equivalents of hydrogen, nitrogen, chlorine, &c., 
corresponded to two volumes, whilst that of ox^en 
only constituted one. The formulae of water, HO, of 
sulphuretted hydrogen, HS, of protoxide of nitrogen. 
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NO, ejcpressed two volumes ; those of hydrochloric acid, 
HCl, of ammonia, NHj, of phosphoretted hydrogen, 
PHg, &c., represented four. 

G-erhardt was the first to draw attention to these 
errors, and to the necessity of considering as equivalents 
quantities of water, ammonia, hydrochloric acid, &c., 
corresponding to equal volumes. Regarding water, HjO, 
as formed of two atoms or volumes of hydrogen and as 
occupying 2 volumes, if one atom of hydrogen occupies 
one volume, he compares It to hydrochloric acid, HCl, 
formed of one atom or volume of hydrogen and of one 
atom or volume of chlorine, and occupying 2 volumes ; 
to ammonia, NH,, formed of one atom (volume) of 
nitrogen and of 3 atoms (volumes) of hydrogen, and 
occupying 2 volumes. In the same manner the for- 
multe N,0, NO, CO, COj, CH^, C^H^, which correspond to 
2 volumes, represent molecules (Gerhardt still i^ed the 
term equivalents) of protoxide of nitrogeu, dioxide of 
nitrogen, carbonic oxide, carbonic acid, and of marsh 
gas and defiant gas. The atomic weights on which the 
preceding formulae are founded are the same as those 
of BerzeHus, i.e. 0=100, H=6-26, N=88, C = 75. 
But the formulae of hydrochloric acid, H^Cl,, of 
ammonia,\,Hg, of marsh gas, CjHj, of defiant gaa, C^H^, 
which Berzeliue had employed were halved and made 
to represent 2 volumes. Here lies the true progress. 

It will be interesting to recall the considerations 
which led Oerhardt t« propose this reform in the nota- 
tion of Berzelins. 

Bearding a molecule of water as formed of 2 atoms 
of hydrogen and 1 atom of oxygen, and carbonio acid as 
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containing 1 atom of carboa and 2 atoma of oxygen^ be 
was struck, in the attaitive study of the reactions of 
organic chemistry, by the fact that in none of these 
reactions, represented by the formulEe and equations of 
BerzeliuB then in use, were quantities of water and car- 
bonic acid corresponding to H^O and CO^ set free, but 
that the quantities formed were never less than those 
corresponding to the formulie H^O, and C,0,. 

We may therefore conclude, he says, that an error 
has been committed in the construction of organic 
formulae, for it would be strange if no reaction should 
gire rise to the formation of a single molecule of water 
or a single molecule of carbonic acid. This is the 
error : organic formulae are twice as great as they should 
be, and must be halved, as well as the atomic weights 
of metals. These two fects are correlative, and it was 
precisely those high atomic weights attributed by Ber- 
zelius to the metals which gave to organic compounds 
formulse double what they should be. Thus amongst 
the organic combinations with which we are most 
iiilly acquainted we must reckon the acids ; their mole- 
cular magnitude is determined by their capacity of 
satiuation, and we admit that a molecule of add 
saturates a molecule of basic oride— that is to say, a 
quantity of base containing one atom of metaL Thus, 
for example, the formula of acetic acid is constructed by 
combining it with oxide of silver and analysing the 
acetate of silver. The composition of this salt, contain- 
ing one atom of silver, is represented by the formula 
Cfi^AgO^, derived from the atomic weights C=75, 
H = 6-25, 0=100, Ag=. 1351-6, which are those of Berze- 
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lias. But upon halving the atomic weight of silver vo 
obtaiD Ag=675"8 ; the precediug formula will become 
C^HgAgjO^ ; and there is no reason why we should not 
halve this, for we must admit that the monobasic acetic 
scid only contains in its salts a single atom of metal. 
The true formula of acetate of silver and acetic acid 
are therefore C,H,AgO, and Cfifiy 

But why must we halve the atomic weights of metals 
in this manner? In order that their oxides may be 
comparable to water. If the latter is formed of 2 atoms 
of hydn^n, we may reasonably attribute to protoxides 
a similar composition, and represent them by the 
formula M,0 instead of MO. Oxide of potassium and 
oxide of silver being, therefore, K,0 and Ag,0, the 
atomic weights of potassium and silver will be 245 and 
687*5 ' — that is to say, the half of those attributed to 
them by Berzelius, the atomic weights of hydrogen 
and oxygen being 6*25 and 100. Applying the samie 
considerations to the other protoxides, Gerhardt also 
halved the atomic weights of the metals which they 
contain. We shall presently see that in this be went 
too far ; but this reasoning was perfectly correct as &t 
as it concerned acetate of silver, and nothing could be 
more legitimate than the halving of the formula of 
acetic acid, the unnecessary complication of which he 
was the first to show. And this change demanded 
others. It is clear that the several monobasic acids, the 
alcohols, ethers, amides, &c., must be represented by 
formulae which harmonise with that of acetic acid. 

' The nmnber 6ST'5 ii deduced from a determination of Erdnuum 
and Maichaud (^Prieit sU Chimit erganiqVit, t. i. p. M). 



vGoogIc 



GERHAEDT'S NOTATION. 83 

This led to an impoitant reform in the aotatioii of 
organic compounds, which reform extended even to in- 
organic compounds. Berzeliua had represented hydro- 
chloric acid by the formula HjCl^, because 100 being 
the atomic weight of oxygen, this quantity of hydro- 
chloric acid was necessary to saturate a. molecule of 
oxide of silver containing I351'6 of silver and 100 of 
oxygen. The formula HjClj is therefore in harmony 
with the formulffl KCl,, AgCIj, PbClj, which represent 
the composition of the protochlorides. But when the 
atomic weights of the metals were halved, it was con- 
sidered advisable to attribute to all these chlorides the 
more simple formula HCl, KCl, AgCl, PbCl. 

The reform which G'erhardt introduced into notation 
necessitated certain modifications in the existing ideas 
concerning the constitution of salt& It can now no 
longer be said that a molecule of acetate of silver contains 
a molecule of anhydrous acetic acid and a molecule of 
oxide of silver, or that hydrated acetic acid contains a 
naolecule of anhydrous acid and a molecule of water. 
The double formulEB favoured these interpretations, while 
the simple formulae cannot be divided in such a manner. 
Though C^HgAg,0( might be decomposed into 
C,H,Og+Agj,0, and C^H^O. into C^HjOg + HjO, the 
formolfe C,H,AgOj and CjH,Oj could not be divided so 
as to give anhydrous acid and oxide of silver, or anhy- 
drous acid and water. Yet the relations between acetic 
add and acetate of silver are very simple, and correctly 
defined when we say that acetate of silver consists of 
acetic acid in which one atom of hydrogen is replaced by 
an atom of silver. The molecule of acetic acid may, 
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theo, be r^;arded ab a group of atoms in wMch an atom of 
hydrogen, which is called basic, can be replaced by an 
atom of metal, in the eame manner as, in a diflereut 
class of facte, the three other atoms of hydrogen may 
be replaced by three atoms of chlorine. 

This is an important consequence of Gerhardt's 
notation, to which I thought it well to draw attention 
in passing, for these ideas upon the nature of salta were 
opposed by their great author to the dualistic theory, 
and are in harmony with the preposition which was at 
that time supported by Dumas, Laurent, and the advo- 
cates of the substitution theory, which teaches that 
chemical combinations form a whole, a unit. This was 
at that time — perhaps improperly — called the unitary 
system. 

But to return to the point under discussion : I have 
just mentioned Laurent, and we should notice the fact 
that he was the first adherent of Gerhardt's system of 
atomic weights and notation. I think it will be also 
int«reBtiDg to recall some of the ideas which he then 
published in connection with tiiia notation. 

We admit that oxide of potassium is formed of 2 
atoms of potassium and I atom of oxygen, but caustic 
potash or potassium hydrate cannot be regarded as con- 
taining the elements of oxide of potassium + the 
elements of water. The molecule of potassium hydrate 
may be compared on the one hand to that of oxide of 
potassium, on the other to that of water, and is derived 
in a manner from the latter by the substitution of an 
atom of potassium for an atom of hydrogeiu 

Thus water, potash, and anhvdrous oxide of potassium 
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are componudB of the eame order containing reapec- 
tively a dngle atom of oj^gen combined either nith 
9 atoms of hydrogen, 2 atoma of potasBium, or viiii 1 
atom of potaeBimn and 1 atom of hydrogen. The 
metallic hydrates are, therefore, componnds of the same 
■ order aa the oxide, and cannot be represented as con- 
tainin^ an anhydrous oxide + vster. But there are 
also organic hydrates and oxides ; and if we admit, in 
alcohol and ether, the enstenoe of an ethyl group, so 
termed by Beizelius, we shall observe the same relations 
between water, alcohol, and ether as those which exist 
between wat^r, potash, and oxide of potassium. Alcohol 
becomes ethyl hydrate, and ether ethyl oxide. The 
following formulas, in which Et represents the ethyl 
group CjHj, will show these analogies : — 

H,0, water. H,0, water. 

KHO, potaaainm bTdiate. EtHO, alcohol. 

E,0, pobasBiom oxide. Et,0, ether. 

This grand generalisation was afterwards extended 
by Geihardt, who had first discovered the acid chlorides 
and anhydrous monobasic acids, to the acids. Upon 
comparing AcCl, chloride of acetyl, with EtCl, chloride 
of ethyl, and hydrochloric acid, the same kind of rela- 
tions were discovered between acetic acid and anhydrous 
acetic acid as those between alcohol and ether. The 
salts and ethers of acetic acid can, as Williamson has 
shown, be added to this synoptic table, which formed 
the basis of the celebrated idea of considering hydro- 
chloric acid and water as types : — 
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HOI, hjdcocMoric acid. H,0, water, 

BtCl, chloride of ethyl. Ai^O, aceMo acid. 

AoOl, chloride of acetyl. AcKO, acetate of potasshrm. 

KCl, chloride of potaasinni. AcEtO, acetic ether. 

Ao,0, acetic anhydride. 

It is from the new notation that these views, which 
embtace the discoveries of Williajmson on etherification 
and those of Gerhardt on anhydrous acids, derive their 
simple and striking forms. The molecules of all the 
bodies just mentioned are comparable, under the con- 
dition that they are represented, in accordwice with 
the principles developed by Gerhardt, by formnlee 
which represent the true molecular magnitudes. And 
it is important to remark that all these formulae corre- 
spond, in the case of volatile compounds, to 2 Tolumee 
of vapour. * We halve,' he says, ' organic and mineral 
formulae, so as to express their equivalent by 2 volumes.' 
' Equivalent ' is used instead of ' molecule,' and from the 
preceding proposition we conclude that equal numbers 
of the molecules of gaseous or volatile compounds are 
contained in equal volumes of gases or vapours. This 
is the law of Avogadro and Ampdre, which reappears as 
a guiding star upon the horizon after a long eclipse. 
And yet we cannot say that Gerhardt, at this period at 
at least, gave himself up entirely to its guidance. The 
considerations by which he was principally influenced 
were rather of a purely chemical character — those which 
we have alluded to above. They were correct, and 
were found to agree with an equally correct idea which 
had been forgotten. The distraction between two species 
of minute particles, molecules and atoms, which Avogadro 
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aad Ampere had introduced without effect into science, 
and which Dumas had endeavoured to reproduce in his 
' Chemical Philosophy,' was probably mentally clear to 
Q^rhardt, though aa yet it had not appeared in his 
writings. The word ' equivalent ' was sometimes synony- 
mous with the term 'molecule,' sometimes with 'atom' or 
' volumei' To quote his own words, ' Therefore,' he says 
in p. 51 of his 'Pr&is,' 'volumes, atome, amd equv- 
vale/tits are synonymous in the case of simple bodies. 
It therefore follows that the deneittea of simple gases 
are 'proportional to thsi/r equivalents' These pro- 
positions were not new, but they were inaccurate. 
These inaccuracies soon disappeared, and the distinction 
between molecules and atoms appeared clearly in the 
classic ' Traits de Chimie orgauique.' 

Gerhardt's system of atomic weights, which was 
immediately adopted by Laurent, gradually gained the 
approval of a great niunber of chemists, ^s works 
upon the theory of types, the discovery of tiie anhydrides 
and the chlorides of the monobasic &tty acids, gave 
him great authority, which profited him but little 
personally, but which will always be connected with 
his name. The simplicity of the new notation gave 
great clearness to the explanation of new facts and 
ideas. In England Williamson, Odling, Brodie, 
Frankland, Hofmann, G-ludstone, Roscoe, and others 
successively adopted this notation. The new German 
school, which was then under the brilliant direction of 
Kekul6 and Baeyer, adopted it at once, as also has been 
the case with the greater number of Bussian and Italian 
chemists. In France Chancel has always made use of 
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it, aad I myself did eo in my memoir upon the g^lycok 
in 1858. 



The commencement of the year which I have just 
mentioned was, however, marked hy the introduction of 
an important change. Cannizzaro proposed once more to 
donhle the atomic weights of a great number of metals. 
We must now point out the fects and follow the course 
of ideas which have proved the reform introduced by 
the illustrious Italian to be legitimate and gained for it 
the almost unanimous ^probation of chemists. 

GJerhardt's atomic weights were not true equivalents, 
and molecules which occupy the same volume in a 
gaseous state are not always compounds of the same degree 
or the same order ; for Gerhardt afterwards referred these 
compounds to three different types — the hydrogen or 
hydrochloric acid type, the water type, and the ammonia 
type. That the molecules of chemical compounds differ 
ftom each other in their type — that is to say, in their 
degree of complication or in their manner of condensa- 
tion (which, moreover, the discoveries of Qay-Lussac had 
already indicated) — and consequently that molecules 
belonging to different types are not strictly equivalent, 
was an idea which was gaining ground in science. 
Correctly speaking, it was not at that time perfectly new ; 
since the admission of the existence of sesquiosides, such 
as alumina and ferric oxide, it bad been found that their 
capacity of saturation was three times greater than that 
of the protoxides ; the sesqnioxides are polyacid bases. 
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Oa the other hand, Graham had already made the great 
discovery of polybadc acids. 

But other facte were soon added to the preceding, 
which introduced into Bcienee, if not the fact, at least 
the clearly defined notion of polyatomic compounds. I 
allude especially to the works of Berthelot upon gly- 
cerine, which produced such a number of important 
results, to which, I believe, I was the first to give their 
true interpretation in the order of ideas which we are 
now discussing. I must also mention Berthelot's work 
upon the sugars and my own researches upon radicals 
and glycols, iu which I endeavoured to define the part 
played by radicals in polyatomic compounds. These 
researches have introduced into science the idea that all 
chemical molecules are not mutually equivalent as ^ 
as their molecular complication is concerned, or, to use 
the phraseology of that time, ' the degree of condensation 
affected in them by matter.' ' In' order to define the 
differences which they present in this relation, they were 
referred to more or less condensed types. Thus, to 
take a few examples, the constitution of nitric, sulphuric, 
phosphoric, acetic, and oxalic acids were represented by 
the following formulse : — 

r™|[o Tipi.g;}q^ i™|;]_0. 

(NO.yj„ (80.f|„_ CPO/|„_ 

Hltarlo uld. Bul^nrlo udd. Phoaphnrla uU. 

(CAoyl o (c,o,r| o 



■ Aj»«ialet de (Mmie et ie Phytigva, 3e sSrle, t. zUt. p. SOB. 
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Similar fonnulte represented the constitution and 
the inci^asing complication of the molecules of potash 
and ferrio hjdrate, for example, and of those of alcohol, 
glycol, and glycerine : — 



Fotub. FsnlDlijdnM. 

AlndioL atjoat. OlyMdiM. 

These typical fonnulee had an advantage. They 
clearly indicated the fact that not only inorganic or 
organic radicals, but even simple bodies are capable of 
replacing 1, 2, or 3 atoms of hydrogen, and consequently 
differ in their Enibstitnting value. A distinction was 
therefore drawn between the monatotnic, diatomic, and 
triatomic radicals. And as these radicals are in a 
manner nothing more than the representatives of the 
elements themselTes, the distinction was extended to the 
latter. We shall presently develope this idea, tbat the 
power of combination or substitution with which radicals 
are endowed is essentially connected with that of the 
elements which they contain. But for a moment we 
must be contented with remarking that there is a gap 
between potash, which contains monatomic potassium, 
and ferric hydrate, which contains triatomic iron.' This 

■ The fonnnla ^ [ 0^, which has bean proposed by Odliug, 
clearly ezpresaea this idea of trialamic iron. Fe/" bera takes Uis 
plaoe of H, In three molecnles of water, g* [ O, 
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gap has been, thaaks to Cannizzaro, in a great meaBure 
filled up. This eminent chemist has doubled the atomic 
weights of a great number of metals, to bring them into 
harmony with the law of Dulong and Petit and the law 
of Avogadro. Theae roetab have been regarded, there- 
fore, as diatomic Their oxides have become RO. Their 

hydrates, „ V 0,, answered to the hydrates of the 

diatomic radicals — for example, to ethylene hydrate or 
glycol— -which is given in the preceding table. We must 
not forget the influence which the discoveries of organic 
chemistry, and the interpretation given t« them, have 
esereised upon the general conceptions of chemistry, 
and even upon the progress of mineral chemistry. We 
shall, therefore, return to this point in treating of 
atomicity. 

We here give thelistof atomic weights now adopted 
by the majority of chemists. And, in order that the 
changes which the new discoveries and the progress of 
the theory have successively introduced into the system 
of atomic weights may be appreciated, we have, in the 
following table, marked elements with a distinctive 
aign. Those which are printed in italioB represent the 
elements to which Berzelius and Oerhardt attributed the 
same atomic weights, which they now retain ; those 
which are marked by an asterisk have retained Gerhardt's 
atoEoic weights ; those, finally, which are marked by two 
asterisks are the metals whose atomic weights were 
halved by G^rhardt and doubled again by Gannizzaro, 
these double numbers being, moreover, those of Ber- 
seliuB (see p. 62) : — ; 
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. H 


1 








Alraiiidnm*. . . 


. . Al 


27-6 


Antimony* , 


. Sb 


122 


Areenio 


. As 


7*9 (76) 


Barimn" 


. . Ba 


137-3 


BismnUi" . 


. Bi 


210 


Boron'. 


. B 


11 


Bromme 


. . Br 


80 


Cadminm*" . 


. . Cd 


111-e 


Otesinm 


. Cb 


132-16 


Calcium'* . . . 


. Ca 


39-9 


Caibon 


. . C 


12 


Cerinm . . . 


. Co 


U13 


ChUirine . 


. CI 


3S-5 


Chromium . 


. Cr 


62-4 


Cobalf* . 


. . Co 


68-6 


Copper" . . . 


. Cu 


63-3 


Didymiiun . 


. Di 


UT (?) 


Brbimn . . . 


. Br 


170-6 


FbuniTie . 


. . F 


19-1 


Qallinm 


. . Qa 


69-9 


Glnoinnm . 


. G 


936 


Gold" 


. An 


196-2 


Indinm 


, In 


113-4 


Jodi^. . . . 


. I 


127 


Iridium" . 


. . Ir 


196-7 


Iron'" . . . 


. Pe 


6S-9 


Lanttianum 


. . La 


92 


Lead** 


. . Pb 


206-4 


Lithium' . 


. Li 


7-022 


MaguEsium*' . . 


. . Mg 


24 


Manganese'* 


. Mn 


Ei-8 


Meroniy" . 


. . Hg 


200 


Molybdenom" . 


. . Mo 


96-8 


Nickel" . . . 


. Ki 


68-6 


Niobinm . 


. . Nb 


94 


Xiamen. . . . 


. N 


14-044 


Osmium'* . 


. Os 


198-6 


0»PyCT . . . 


. . 


lG-96 (IS) 
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PaUadiran** 



Bhodinm'* 
Kubidinm* 
BntheniniD 
SelmtUtm . 
Silicon* . 
SilTer* . 
Sodinm* , 



203-6 

SS3-9 
117 8 



Tantalmn 
JiUuritim 
TballiaiD . 

Thorinm . 

Tiii»» 

Tifaniom" 

Tungsten** 

Unuiliuii . 

Yanadiiiiii 

TttTinm . 

Zirconium 



The limits wUch are imposed upon ua by the 
cbaracter of this work make it impossible to mention 
tiie methods which have been employed in each parti- 
cular c^e for the determination of the atomic weights 
given in the preceding table. We must refer our readers 
for these details to the article upon Atomic Weights 
in the ' Dictiamiaiio de Chimie pure et appliqu^.' 

' We haye retwned 108 as the atomic weigM of silver, fouoding 
onr opinion apon a recent obseryation of DamsB. Stag gave the 
DiunbeT 107*93. The atomic weightB of chlorine, bromine, and 
iodine being dependent npon that ot ulver, we hare also letuned 
the ronnd nnmbers 35*5, SO, 127, as their atomic weights. 
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We would especially draw the attention of the reader 
to the methods employed by Stas in the determinatioa 
of the atomic weights of oxygen, sulphur, chlorine, 
bromine, iodine, nitrogen, potassium, sodium, lithium, 
and silver, giving results the accuracy of which is un- 
surpassed. We must also mention the labours and 
analyses of Marignac, and to the names of the two 
chemists we have just mentioned must be added tbe great 
name of Berzelius. However, setting aside the question 
of practical chemistry, to which we have just alluded, 
we must confine ourselves to the theoretical discussion 
which has justified the adoption of the new system of 
atomic weights. 

We shall endeavour to show that the atomic weights 
given in the preceding table are in harmony — ^first, with 
the law of Avogadro and Amp^ ; secondly, with the 
law of Dulong and Petit ; thirdly, with the law of iso- 
morphism. We shall then devote a chapter to the {Hxx>f 
of the fiict that the chemical and physical properties of 
elements are dependent upon the atomic weights. We 
shall prove, lastly, that the notation which is derived 
from the present sjratem of atomic weights ascribes 
to compounds their true molecular magmtudes, and 
allows a correct representation of chemical reactions. 

III. 

The new system of aiomie weights ie/ov/nded upon 
ike law of volumes, amd is in harmony ioitk the 
hypotkesia of Avogadro and Amp^e. 

The ' law,' as it is generally called, of Avogadro and . 
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Aijipire may be enunciated as follows : Equal volumes 
of gaaea or vapours ' contain the same number of 
moleeules. We have here two things, a group of facte 
and an hypotheBis. ^ 

The &cts are a result, or rather a development, of the 
laws of Gay-Lussac. 

Gay-Lussac had shown— first, that gaaes combine in 
simple volumetric relations ; secondly, that there is a 
simple relation between the volumes of the combining 
gases and that of the product of the oomhination. To 
these two laws may he added a third. There is a very 
simple relation between the volumes of all compound 
gases thus formed, and the hypothesis of Avogadro and 
Ampdre consists in the assertion that aU these com- 
pound gases occupy the same volume, and that the. 
matter thus condensed into the same volume exactly 
represents the ultimate particles of the compounds — \ 
that is to say, the molecules. 

, The accompanying table will explain our meaning : — 

2 vol. hydrc^en + 1 vol, ojygen give 8 1 

2 vol. chlorine + 1 vol. „ „ 2 \ 

3 vol. nitrogen + 1 vol. „ „ 2 i 
1 vol. „ +1 vol. „ gives 2 1 
1 vol, chlorine + 1 vol.hjdtogai „ 2 ^ 
1 irol. nitrogen + 3 vol. „ n 2 i 
1 vol. carb. oxide + 1 vol. chlorine „ 1 ' 
1 vol. ethylene + 1 vol.. „ „ 1 

We here have dear examples of the two laws of 
Gay-Lussac (see p. 34), as well as of the third law of 
volumes. Between the volumes of the compound 
gases we have the very simple relation 2:1. The 

> Under tbe same candiiiona of U 



hypochlorona anhydride, 
protoxide of nitrogen, 
dioxide of nitrogen. 
Iqrdrocbloiic acid gaa. 



oxyobloiide of oarbon. 
. ediylene chloride. 
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faypqthesiB of Avogadro consists in the asBertion that 
this relation ^ still more simple, that it is 2 : 2, for the 
smallest quantity or the ultimate particle of oxychloride 
of carbon and of ethylene chloride which can be formed 
does not occupy 1 volume, hut 2 volumes. This is an 
hypothesis, if you will, but one the truth of which is 
easily demonstrated, for experiment shows that the 
smallest quantity of carbonic oxide which enters into 
reaction occupies two volumes, which contaiQ a single 
volume of oxygen; it shows, moreover, that the ultimate 
particle or tiie molecule of oxychloride of carbon cor^ 
responds to the ultimate particle (x molecule of carbonic 
acid gas, which occupies two volumes. 

These considerations apply to ethylene chloride and 
to other compounds. Consequently it is better to 
express the formation of oxychloride of carbon and of 
ethylene chloride in the following manner ; — 



The two volumes thus formed represent the mole- 
cules of gases or vapours, and we are therefore led to 
give the following form to the statement of the law of 
Avogadro and Ampere. 

The molecules of compounds which are gaseous or 
volatile without decompoeition occupy two volumes, if 
an atom of hydrogen occupies one volume. This pro- 
position holds good in the case of by &t the greater 
number of volatile compounds, under the condition that 
their true molecular weights are attributed to these 
compounds. 

The proofs are so abundant that it is impossible to 
quote all the examples, and we must confine ourselves 
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to giving a list of the groups of compoimda whicli obej 
the law in question. 

Water and its aasiogaee, snlphntetted 

drogei>,&c. 

HfdioohlOTia add and ita analogues , 
Anunonia and its mineral amd organlo 

analogues ; anbetdtntion derivaliTeB 

of ammonia; oigBno-metallio radicate 

of tbe type BX) .... 



Oxides and anhydridea of chlorine, ni 
ti<^n, snlpbiiT, and caibon 



rci.0 


- 2toL 


010, 


. 2 vol. 


N,0 


- 2 vol. 


NO 


-avoL 


NO, 


= 3 vol. 


80, 


. 2 vol. 


SO. 


- 2voL 


CO 


- 3tdL 


CO, 


- a vol. 


COS 


= 3 vol. 


CH. 


- a vol. 


CH. 


- 2 vol. 


CH. 


= 2 vol. 


CH, 


- a vol. 


CH. 


- 3 vol. 


c,^. 


- 2 vol. 


C^,. 


= 3 vol. 


Lc,^., 


= 3 vol. 


rBOi, 


- SvoL 


SiCI, 


- 2 vol. 


PCI. 


= 2 vol. 


PCI. 


" 2 vol. 


AsCl, 


- 2 vol. 


SbCl, 


- 2 VOL 


POCT, 


- 2 VOL 


CCl. 


= 3 vol. 


OOCl, 


- 2 VOL 


HgCl, 


- 2 vol. 


SnCl* 


= 3 vol. 


A1,C1, 


-3toL 


Fe,Cl. 


- 3 yoLlas 
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Meicnric anti^de 


HgS 


= 3toL 


AlcoholB, glycols, phenoU . . , 


CH.0 


- 3 vol- 




, (C^,),0 


= StoI. 


SQcb M { ethylene oxide 


. 0^,0 


= 3toU 


Aldehydes and aldehyde . , 


. C,H.O 


-S»oL 


acetones acetone . 


CAO 


- 3voL 


Organic acids, such as acetic add 


C.H.O. 


- 3 VOL 


\8acdiuo anhjdnde . 


, C,H,0. 


= 3 vol. 


, C.H,0. 


-3roL 



Theii ethe», (^^^ '"'^^ ■ ^AO^CA) " 3 vol. 
BQOhH J ethylene acetate (CAO.).C,H, - 3 vol. 

lethyl oxalate . C,0,(CtB|)> -3 vol. bo. &o. 

Thia table is tmdoubtedly very much abridged, but 
it is evident tbat it embraces a vast number of mineral 
and oi^anic compounds, and it ie difficult to imagine 
how, in the presence of such a wealth of fects aad proofs, 
accumulated hj the labours of the last fifty years, some 
chemiste should still refuse or hesitate to believe the 
law of Avogadro and Ampere. It is uselees for Uiem 
to bring forward some cases which apparently form 
exceptions, and which we shall presently menti<m and 
discuss. In feet, we may say t^at the other physical 
and chemical laws of which we have spoken — the law 
of Dulong and Petit and that of isomorphism — do not 
rest upon such a number of imposing facta, and 
consequently upon such a solid fouDdation, as the law of 
Avogadio and Ampere. 

When a theoretical idea is true, the exceptions 
which are at first admitted gradually disappear, either 
because the new observations are more accurate than the 
old, or from a more correct interpretation of the facte. 
It also sometimes happens that these exceptions give 
rise to interesting developments of the theory and to a 
more extended generalisation. 
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That it has been bo in the case before us we will now 
proceed to show. 

I. Thirty years ago ordinary ether was represented 
hj the formula C^H^O, which answered to two volumeB, 
whife the formula of alcohol, C,HjO.H0, answered to 
four volumes of vapour. Here was an exception to the 
law of volumes. Williamson came forward and showed 
that the old formula of ether should 'be doubled. The 
doubled formula, CgH,gO,, which in the new notation 
becomes C^H,jO, corresponds to that of alcohol, C,H,0, 
both representing two volumes of vapour. It is unne- 
cessary to ineist upon the proofs which Williamson has 
given in hia masterly memoir, and which are well known 
to all cl^mists — namely, the existence of mixed ethers, 
and the perfect agreement between the physical proper- 
ties of these ethers and those of ordinary ether, under 
the condition that the latter is regarded as a double 
molecule of the form (CjHj),0. 

II. According to Crerhardt's notation, which is still 
applied to organic compounds, monatomic hydrates do 
not contain the elements of water, but merely the residue 
OH. Thus acetic acid i* acetyl hydrate, CjHgO.OH, 
and it is obviously impossible to separate from this 
formula the elements of water, H^O, which could be 
done with the old formula of Berzelius C^HgO^ 
= C4H,Og.HjO, or wiUi the formula in equivalents 
C^afi^=G,llfii.TiO. Thus it was the opinion of 
Geihardt that the anhydrides of monobasic acids could 
not exist, and he had the singular fortune to discover 
them himself. But at the same time he showed, in 
striking confirmation of his ideas and formuUe, that in 
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order to loee water the molecules of acetic acid must act 
in pairs, one of tlie molecules furnishing an atom of 
hydrogen, the other the residue OH.' The anhydride 
formed, (G,H,0)jO, or acetyl oxide, answers to tvo 
volumes of vapour. 

ill. An anal<^uB case occurred with the hydro- 
carbons called alcohol radicals, methyl, ethyl, &c. 
These are imaginary forms, said Laurent and Gerbaidt, 
and have no separate existence. Kolbe and Frankland 
isolated them, but showed that their formulae must 
be doubled.* ftee ethyl is not composed of two atoms 
of carbon and five of hydrogen, as the group C^^ in 
ethyl hydrate or alcohol, C,H,iO.OH, but of C^Hu, 
=(CjHj)j, and this doubled formula correspond to two 
volumes of vapour. 

The result of this is that the molecular weights of 
volatile componnds are accurately given by their 
densities. And if we refer these densities to that of 
hydrogen taken as unity, we have only to multiply the 
numbers obtained 1^ 2 to find the weight of the mole- 
cules compared with that of an atom of hydrogen=l. 
This is a general role. The density referred to hydro- 
gen ia the weight of one volume. 

The molecular weights are the weights of two 
volumes, for molecules occupy two volumes if an 

■ Sabjoiaed is the equation nbich eipreBaes this dehydration of 

■^ ^'^ 0^.O.OH _ „o ^ CH,01 

C,H,O.OH ^ C^of " 

Two mol«cDlM of Boetio aclcL Aoe^ anbjtlTlds. 
> 'SKmoiiesnTnnenoavelleClaBSQdeRadtcanxoi^sniques,' Jiut, 
4« fllwB. rf de Ph^ti^ve, 3* afir, t. xliv. p. 378. 
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atom of hydrogen occupies one; we must, therefore, 
multiply dendtiee b; 2 in order to obtain molecular 
weigbts. 

The atomic weights of a certain number of metal- 
loids and metals maj be calculated firom the molecular 
weights. Thus the atomic weights of phosphorus, 
arsenic, antimony, carbon, silicon, titanium, tin, mer- 
cury, and lead may be calculated from the molecular 
weights of the oonespondiug chlorides and etiiides. 
For example^ 

The molecular weight of chloride of silicon (ob- 
tained by doubling its vapour density) is 170, and 
analyeiB shows that 170 parts of chloride of silicon con- 
tain 142=4 X 35'5 of chlorine and 28 of silicon. The 
vapour density and analysis of chloride of silicon assign, 
therefore, to this body the formula SiCl^, and to silicon 
the atomic weight 28, for we have reasons for the belief 
that the molecule of chloride of silicon only contains a 
single atom of silicon. 

The vapour density of zinc ethyl doubled= 123, the 
density of hydrogen being = 1. , Now, analysis shows 
that tbese 123 parts of zinc ethyl contain two ethyl 
groups, which weigh 58, and 65 parts of zinc. 65 is 
the atomic weight of zinc, Uie composition of ziuo 
ethyl being expressed by the formula Zn(G,H,),. The 
number 65 (64-9) is, moreover, confirmed by ti* law of 
specific beats. 

The molecular weight of meroniic chloride, calcu- 
lated &om its vapour density, is 271, and analysis shows 
that these 271 parts of mercuric chloride contain 
2x 36'5=71 of chlorine and 200 of mercury. Hence 
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the simplest compositioii which can be assigned to mer- 
curic chloride is represented by the formula HgClj, Hg 
being an atom of mercury. The atomic weight of mer- 
cmy is thus fixed at 200, a number which agrees with 
the law of specific heats. 

According to the invaluable experiments of H. 
Sainte-Claire Deville and Troost, the vapour density of 
ferric chloride assigns to this compound the molecular 
weight 325. Now, 325 parts of ferric chloride contain 
213=6x35-5 of chlorine and 112 (111-8) of iron. 
Are one or more atoms of iron rejo'esented by these 112 
parts ? In this case we should no longer prefer the 
simplest hypotbeeis, as in the preceding cases. The law 
of specific heats attributes to iron the atomic weight 56 
(55'9); we must, therefore, admit that ferric chloride 
contains two atoms of iron, and six of chlorine, and that 
its composition is represented by the formula Fe^Glg. 

These examples show the use which may be made of 
the law of Avogadro and Ampere in the determinatioQ 
of molecular weights and in settling atomic weights. 

We also see the asBistance which chenusts derive 
from the law of Dulong and Petit, when they have to 
choose between several molecular formulie for a given 
compound, and consequently between several atomic 
weights for the same element. 

The considerations mentioned above apply to a 
great number of cases. That this is so will be seen 
from the following tuble,^ which shows the part played 
by the law of volumes, firstly in the determination of 

> Abridged from a more complete table wUcb I have given in 
n^ ZtfOlu d« PhiloiBjiJnt ehimiqrte, 1661. Hachette, 
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molecular weights, and sabsequently in that of atomic 
weights. The experimental densitieB given in the third 
colunm are referred to that of air taken as nnity. To 
refer them to the density of hydrogen we have only to 
multiply them by the number 14-44, which erpressee 
the relation which the density of air bears to that of 
hydrogen. The figures in the fom1,h column express 
the double densities referred to hydrogen, and eonse- 
quently the weight of two volumes, 1 standing for 
the weight of one volume of hydrogen. They were 
obtained by multiplying these densities by 28'88. 
Tfaey are the same as the molecular weights given in 
the fifth column. Lastly, the sixth column' gives the 
molecular composition : it shows the weights of the 
elements contained in the molecole, and consequently 
the atomio weights, or in some other cases a multiple 
of theee weights (see the remains upon the atomic 
weight of iron, p. 102). The atomic weights thus ob- 
tained £rom the molecular weights are printed in large 
figures, 

■ I have followed the ezample ol Lothar Mejei in adding tUa 
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THE ATOanO THEOEY. 



Appairent Exceptitme to the Law of Avogadro 
and Amph-e. 

The above method of the deteimiuation of molecular 
weights IB founded upon the principle that molecules 
occupy two volumes in the state of gas or vapour,an atom 
of hydrogen occupying one volume. Now, the deneitieB of 
a number of vapours are at variance with this proposi- 
tion. Thus, judging from their vapoui densities taken 
at a sufficiently high temperature, the moleeulee of the 
following compounds would occupy four volumes instead 
of two : — Ammonium chloride and similaT compounds, 
phosphonium iodide, sulphuric acid, jdiosphorus penta- 
chloride, iodine trichloride, calomel, amylene hydro- 
chloride and hydrobroniide, chloral hydrate, &c. But 
we must endeavour to discover whether the vapours (^ 
the compounds in question are not decomposed at the 
temperatures to which they are raised in order to take 
their densities, a point to which H. Kopp, KekuIS, and 
Cannizzaro long ago drew attention. If this is the case, 
it is obvious that the densities determined at these 
temperatures do not refer to these compounds them- 
selves, but to the mixture of the products of their de- 
composition. 

Thus, for example, we should not be authorised in 
saying that the molecule of ammonium chloride occupies . 
four volumes if it could be shown that at 360° — the tem- 
perature at which the density was taken — this molecule 
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is entirely decomfKised into two new molecules-^hydro- 
chloric acid gas and ammonia gas — which exist side ty 
side in a state of mizture, each occupying two volumes. 

It has been proved that this decomposition does 
take place ia the case of some of the compomlds 
mentioned above, and we propose to give, in some 
detail, the iacts and arguments upon which this proof 
rests. 

I. It is immistakable in the case of amylene hydro- 
bromide, GaHjg.HBr=G,H,, Br. At a temperature which 
is not more than 40° or 50° above its boiling point, the 
vapour of this body presents a density (5*2) which 
agrees with the normal condensation into two volumes, 
and this density is constant between 150° and 180°. 
But from 160° upwards it decreases by degree? till at 
360° it has sunk to one-half. The vapour is, therefore, 
completely dissociated into amylene and hydrobromic 
acid gas, which recombine upon cooling. The same 
phenomena are observed in amylene hydrochloride. 
Nevertheless the i-ecompoaition of the dissociated 
elements is not complete, especially in the case of 
amylene hydrobromide, for, when the flasks are opened 
under mercury, there is always a residue of a certain 
quantity of acid gas, testifjdng to the dissociation which 
has taken place at a hi^ temperature. There can be 
but one interpretation of this fact. Amylene hydro- 
bromide cannot possess several vapour densities. The 
true vapour density of its molecule is that which 
indicates a condensation into two volumes. The other 
or halved density indicates a halving of its molecule, and 
is not a true vapour density. It represents a mixture 
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of decompoBition products, and is, as we say, an apparent 
or anomalous vapour density. 

II. The case is the same with pboephorus penta- 
ohloride, FCl,. It was geneiallj thought a few years ago, 
upon the authority of some very accurate but wrongly 
interpreted experiments of Gahours, that the mtdecule of 
phosjAoms pentachloride answered to a condeii8ati<m 
of eleroents into three volumes (HjO=2 vol.) It ia 
more correct to say that we have here a phenomenon of 
partial decomposition or diaaoeiaMon, according to the 
beautiful conception of Sainte-Glaire Deville, and that, 
at the temperature at which this vapour is partly dis- 
sociated, of the two molecules which occupy four volumes, 
one is still intact and occupies two volumes, while the 
other itf entirely decomposed into phosphorus trichloride, 
PCI,, and into chlorine, CIj, these products of decom- 
position occupying four volumes ; hence the apparent 
condensation of two molecules into six volumes, or of 
one molecule into three volumes, Beceut experiments 
have greatly strengthened this interpretation. The 
dissociation of phosphorus pentachloride has, in &ct, 
been prevented by diffusing its vapour either into an 
atmosphere of phosphorus trichloride or into an atmo- 
sphere of chlorine. Thus the vapour of the pentachlo- 
ride being formed in a saturated medium of one or 
other of its products of dissociation, the latter is re- 
tarded, the product having become more stable. We 
may conceive, in &ct, that the pentachloride being 
dissociated into trichloride and chlorine by heat, the 
trichloride will have lew tendency to separate &om the 
chlorine in an atmosphere saturated with trichloride. 
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and that, on the other hand, the chlorine will have less 
tendency to separate from the protochloride in an 
atmosphere already saturated with chlorine. Whether, 
therefore,wedifFusethe vapour of the pentachloride into 
an atmosphere of the trichloride or into that of chlorine, 
we shall mider either condition prevent the decomposi- 
tion of the molecule of the pentachloride into the 
trichloride and chlorine, and shall find that in this case 
the vapour of the pentachloride presents the normal 
density. We are, therefore, authorised in forming the 
conclusion that the molecule of this body offers) under 
these conditions, the normal condensation into two 
volumes. This also applies to phosi^onis pentafluo- 
ride, PFl,=two volumes, which is gaseous at the ordi- 
nary temperature. , 

lU. Nothing of this kind is to be observed in 
other compounds, such as phosphorus bromochloride, 
sal ammoniac, and sulphuric acid. At temperatures at 
which their vapours are formed, their molecules are, if 
not entirely, at least to a great extent dissociated ; 
and in confirmation of the statement physical proofs 
may be brought forward fi^m experiments upon dif- 
fusive power, refractive index, coloration, and the ab- 
sorbing power for calorific and limiinouH rays. Thus 
Wanklyn and Erlenmeyer have shown that when the 
vapour of sulphuric acid, dissociated into anhydrous acid 
and water, is diffused through a tube drawn out to a 
capillary point, the aqueous vapour, being much less 
dense than that of the sulphuric anhydride, escapes 
more easily and in a larger quantity. Sainte-Claire 
Deville has, again, made an interesting experiment with 
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phosptomB bromoehloride, PCl,Br,, which is formed by 
the combination of bromine with phoephorus trichloride, 
thus correspooding with the pentachloride. The colour 
of ita vapour was led, thus showing that it contained 
bromine. A similar obserration had been made by the 
same author upon the dissociated vapour of the penta- 
chloride, which showed thecolourof chlorine. In the same 
manner we should be able to determine the absorption 
bands of the vapour of phosphorus pentachloride, which 
should contain those of chlorine. 

IV, An argument of a different kind, but still of a 
physical nature, proves the dissociation of ammonium 
chloride ; Marignac established tli'3 £act by showing that 
the quantity of heat necessary for the redaction of sal 
ammoniac into vapour is altogether out of proporiaon 
with the mean heat required for volatilisation, and strik- 
ingly equal to that which is produced l^ the combination 
of its elements, hydrochloric acid gas and ammonia. 

V, Ammonium sulphj'drate, NH^HS, also does not 
exist undecomposed in a state of vapour. This vaponi is 
really a mixture of hydrogen snlphlde and ammonia in 
equal volumes, and it appears from Horstmann's ' expe- 
riments, recently confirmed by Salet, that no contraction 
is observable when ammonia is mixed with hydrogen 
sulphide in any proportions between the temperatures . 
of 60° and 86°. The assertion of Sainte-Glaire Beville 
and Troost that two volumes of ammonia and one 
volume of hydrogen sulphide are condensed to two 
volumes is, therefore, without foundation. 
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The bod; geuerally known as anhjdrooB carbonate 
of ammonia contains the elements CO, + 2NHj. It is 
ammonium carbamate, CO^q-^It . A. Xaumann* has 

shown that its vapour foims six volumes, a mixture of 
two volumes of carbon dioxide and four volumee of 



VL Let U8 paea to another body, calomeL From 
its vapour dendty we should assign to it the molecular 
weight 235-5 and the formula HgCi, bnt &om other 
chemical considerations the double formnla Hg,Cl, 
appears more probable. It corresponds to mercurous 
oxide, Hg,0. Hence we mustadmit that the vapour of 
calomel is dissociated at the high temperature at which 
its density is taken. And the chemical reactions of 
calomel render this dissociation very probable. It is 
well known how easily it decomposes in presence of the 
alkaline chlorides or iodides into mercuric chloride, 
HgCIj, and mercnry, I^, a decomposition which is 
most accurately represented by the formula Hg^Glj. 

Tbe fact of the dissociation of calomel vapour or 
mercUroiis chloride into mercuric chloride and metallic 
mercury has been demonstrated by Erlenmeyer and A. 
Le SeL In contact with a platinum tube cooled by a 
current of cold water the vapour deposits metallic mer- 
cury upon the tube. 

Vn. As we have remarked above, chloral hydrate, 
C,HClgO.HjO, a very definite compound, seems also to 
form an exception to the law of Avogadro and Ampere. 
Its molecule, reduced to vapour, occupies four volumes, 

1 A. KaamEmn, AwuUea der Chemie u. Pkam^ t. 160, p. 2. 
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leferred to an atom of hydrogen as occapjing ona 
Tolnme, But at tbe temperatore at which it is formed 
thiB vapom: is entirely dissociated into a mixture of 
anhydrous chloral, C,HC1,0, and aqueous vapour, HjO, 
the molecules of which each occupy two volumes. In 
the vapoui of chloral hydrate the aqueous vapour is 
therefore free, and eimply in a state of mixture with 
the vapour of the anhydrous chloral. The author 
proves this hy making use of a method mentioned by 
Tiooet. This chemist heated crystallised potassium ox- 
alate in the vapour of chloral to a temperature of 79°, 
working under such conditions that the tension of dis- 
sociatioa of the hydrated salt should be equal or a little 
inferior to the tension of aqueous vapour in the vapour 
of chloral hydrate, supposing that the latter were dis- 
sociated. Kow, according to the principles developed 
by Sainte-Claire Deville and Debray, the dissociation of 
a body capable of forming a gaseous or volatile product 
ceases for a certain temperature, when this gaseous 
product or vapour has acquired, in the atmosphere in 
which it ia formed, a certain tension, which is the 
tension of dissociation for that temperature. At 79° 
crystallised oxalate of potassium cannot, therefore, con- 
tinue te produce aqueous vapour, when the atmosphere 
of chloral hydrate contains aqueous vapour under a 
tension which is equal or superior te that of the 
hydrated salt at 79°. Troost showed that, under these 
conditions, this salt emitted aqueous vapour, and there- 
fore formed the conclusion that the vapour of chloral 
hydrate does not contain aqueous vapour in a state of 
mixture. The experiment was inaccurate and the 



■V Google 



DISSOCIATION. 117 

conoliisioD inadmiBsible. The author has shown that 
crystallised potaesium oxalate behaves in exactly the 
same manner when heat«d to 79° or 100°, either in an 
atmosphere of chloral hydrate or in a mixture of air and 
aqueous vapour, and that it does not produce water 
when in the two mixtures the aqueous vapour has the 
same tension, which tension is a little greater than tbe 
tension of dissociation of the hydrated aaii. Indeed, 
anhydrous potassium oxalate can absorb a small quantity 
of aqueous vapour in an atmosphere of chloral hydrate, 
when the tension of the aqueous vapoiir present in this 
atmosphere is much greater than the tension of dissoci^ 
tion of the hydrated salt for the temperature at which 
we are working. 

These experiments leave no doubt as to the condition 
of the aqueous vapour in the vapour of chloral hydrate ; 
it is simply in a state of mixture with the vapour of 
the anhydrous chloral. In feet, if we consider the 
decomposing action which is exercised by heat upon the 
greater number of chemical compounds, we shall not be 
astonished to find that in the compounds under discas- 
sion the point of decomposition is situated below the 
boiling point, or that the latter falls between the more 
or leas restricted limits of temperature within which 
the compound suffers dissociation. Hydrochloric acid 
gas has undoubtedly a great affinity for ammonia at 
the ordinary temperature, but at 350° this affinity 
disappears or is very feeble, Marignac having shown 
that the combination between these two bodies caimot 
be effected at this temperature. Again, aniline and 
hydrochloric add combine at ordinary temperatures, 
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BCCompEUiied by a lai^ development of heat, bat it 
has been shown that there is no development of heat when 
aniline and hydrochloric acid gas are brought in contact 
at a temperature of 230°. 

It appears from the above discussion that the den- 
sities which correspond to four volumes of vapour refer 
to mixtures and not to intact compounda, and that the 
exceptions to the general proposition, that the molecules 
of compound bodies represent a condensation of their 
elements into two volumes of vapour, are more apparent 
than real. 



Atomic GonsiihUion of Elementary Bodies in a 8tat« 
of Oaa or Vapour. 

The law of Avogadro and Ampere not only applies to 
the molecules of compound bodies, but also to the gases 
and vapours of elementary bodies. It is now admitted 
that the latter are formed of more or less complex 
molecules, and that, in the state of gas, these molecules, 
which are contained in«qual numbers in equal volumes, 
are situated at immense distances relatively to their 
dimensions, but appreciably constant for different gases 
or vapours. Again, heat, when acting upon these gases 
or yapoms, produces in them almost precisely the same ■ 
changes of volume for the same variations of temperature 
and piessuie. We cannot here discuss how this idea 
was first introduced into science ; its historical aspect will 
be noticed presently. We will now only remark that 
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the hypothesis of Avogadro and Ampere includes all gases 
or vapours, whether eletuetitary or compound ; and if, 
fbUowing the proposition given above, which is the 
natural consequence of these ideas, we admit that the 
molecule of compound bodies occupies two volumes, an 
atom of hydrogen occupying one volume, we must also 
admitthat the molecules of elementary bodies occupy two 
volumes. Thus a molecule of hydrogen occupying two 
volumes will consist of two atoms, which is also the case 
with oxygen, nitrogen, chlorine, bromine, and iodine. 

All theae atoms are diatomie,^ and here we again 
meet with the distinction which Gmelin had already 
established between the constitution of the gases or 
vapours of different elementary bodies. This distinction 
has now acquired great importance. 

Ozone is, as we all know, condensed oxygen ; this 
has been proved by the experiments of Andrews and 
Tait, and especially by the ingenious and carefiil re- 
searches of Soret : but ozone is an element, and since 
three volume of oz^en are condensed into two volumes 
of ozone, which represent a molecule, 0^, we may say 
that ozotiB is triatomic. 

When heated to 500° the vapour of sulphur ia still 
more powerfidly, though similarly, condensed ; it be- 
comes hezatomic, six atoms of sulphur being condensed 
into two volumes^that ia to say, into one molecule — of 
this vapour. Here, therefore, between these two simple 

, 1 The tena diatomic molecules dearl; and coirectl]' expreaaea 
molecules foimed of two atoms j but it is dear that ihia deflnition 
of atomicity diCFeia widely trom that wbioh is geneially attiibnted 
to it, i.e. the equivalence or ralency ot atoms. 
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bodies, oxygen and sulphur, bo Bimilar in their ohemioal 
fimctiooB, we have an analogy which deeeivee oui atten- 
tion. Botharecapableof condenBation,aiidheatdestioyH 
this state of condeoBatioD. Ozone, whea heated, gives 
oxygen, and the molecule of condensed sulphur, S,, is in 
a manner decomposed at a temperature of 1 ,000°, and 
forms three molecules of vapour of ordinary sulphur, S^ 
which is diatomic. 

The vapours of phoBphorus and ars^c are examples 
of a different state of condensation ; their density, oom- 
paxed with that of hydrogen, is 62 for pboq>horuB and 
150 for arsenio. Two volumes of phosphorus vapour 
contain, therefore, 124 parts of pbosphorus — tiiai is to 
say, four atoms — and two volumes of arsenic vapour con- 
tain 300 parts of arsenic, also four atoms. Both vapoun 
are tetratomio, or, in other words, the molecules of phos- 
phorus and arsenic are formed of four atoms. Now, it 
has been ascertained that this atomic grouping cannot be 
destroyed by heat, at least not within the limits of tem- 
perature at which experiments have as yet been oont- 
ducted ; but this fact does not justify the conclusion that 
it would resist the most powerful action of heat which 
could be produced or conceived, for it is very possllJe tbat 
the atoms in question would separate if exposed to tlie 
temperatures at which iron and platinum melt,and which 
are certainly not so high as those present in the sun. 
What, therefore, it may be remarked in passing, is tb« 
chemistry possible at the solar temperature P It is 
doubtless very simple and certainly very different ficom 
terrestrial chemistry. Not to mention the difference of 
elements, can we be sore that known elementary bodies 
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COD enter into combination at the solar temperature, 
or that they produce in other worlds the same com- 
pomids aa upon the earth ? That is a toatter of tem- 
perature. 

To return to the question before us, we now come to 
the simplest of all the molecular groups — that, namelj, 
of mercury, cadmium, and probably other bivalent 
metals. The vapour densityof mercury is 100, hydrogen 
being taken as unity ; but the atomic weight of 
mercury, calculated from the density of volatile mercuric 
compounds (see p. 109), as well as from the law of 
Duloog and Petit, is 200. It follows that a molecule 
of mercury which occupies two volumes contains only one 
atom of mercury. The vapour of mercury is mon- 
atoroic. The molecule and the -atom of mercury are 
identical, and this consequence of the law of Avogadro 
and Amp^, and which till now has been nothing more 
than a theoretical suggestion, has been recently con- 
firmed by the researches of Knndt and Warburg, the 
principle and results of which we shall now proceed 
briefly to describe. 

It is generally known that the specific heat of gases 
is greater when they are heated under constant pressure, 
and with fteedom to expand, than when they are heated 
under constant volume with increase of pressure ; for it 
is evident that, in the first case, the gas must he pro- 
vided not only with the heat necessary to raise its tem- 
perature — that is to say, to augment the mean via viva 
of its molecules — but also that which is absorbed to per- 
form a certain external work, which would correspond 
to the displacement of an elastic envelope, supposing 
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the gaseous volume to be thuB limited. This mechanical 
work is not performed when the expansioa is prevented ; 
therefore less heat is absorbed by the gas during the 
elevation of its temperature. It has even been calcu- 
lated, from the mechanical theory of heat, what the rela- 
tion should be between the capacity of gases under con- 
stant pressure and the capacity under constant volume. 
According to Clausius, this theoretical relation is 1*67. 
Now, it appears that for elementary gases, such as 
hydrogen, oxygen, nitrogen, &c., this relation is smaller 
than that indicated by the theory (about 1*1). The 
explanation of this is, that these gases, which are 
diatomic, absorb a certain quantity of heat when they 
are heated under constant volume, not for the perform- 
ance of external work, as there is no expansion, but 
to perform certain work in Hie molecule itself, which is 
formed of two atoms. 

Now, Knndt and Warburg have shown that this in- 
t«mal work is not performed in the case of mercury 
vapour,' and that the relation between the specific heats 
of mercury vapour under constant pressure and under 
constant volume is the same as that indicated by theory. 
It is obvious that in this case there is no internal 

' Knndt and Watborg have calcolated the relation of the two 
spedfic heats ftom the Telocity of the propagation of aonnd in mer- 
cnr; Tapoor. The caJcnlation was made from the length of a sotmd- 
wave. In determining tie length of a given aonnd-wave in the ait 
and in meicnr; vaponr, thej found that the relation of the two specific 
heats of mercoiy vaponi was _ = 1-87. (Sw*;Ma der JDmtiehen 
p. 9*6. Pogg., jlwn, t. olvii. 
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work, because the molecule is only composed of a single 
atom. 

If similar experiments were undertaken for the 
vapours of sulphur, phosphorus, and arsenic, the result 
would doubtless be very different. Here the internal 
work should be considerable, and the relation between 
the specific heats under constant pressure and under 
constant volume would be stiU smaller than for the 
diatomic gases. 

The distinction which it has been necessaiy to 
establish between tiie molecular constitution of the 
different elementary bodies in the gaseous state has now 
been explained, and the significance and value of the 
results given on p, 70 made intelligible. 



The New Syetem of Atomic WeigJde is in Harmony 
witk the Law of Dulong and Petit. 

There is not a single exception to the law of Dulong 
and Petit, as a glance at the following table will show. 
The second column of this table gives the specific heats 
of the elementary solid bodies mentioned in the first. 
The third column gives the atomic weights ; the fourth, 
the product of the atomic weights multiplied by the 
specific heats. These products may be termed atomic 
heate, for they represent the quantities of heat absorbed 
by the atoms when their temperature is raised one 
degree. We see that these atomic heata are appreciably 
constant. This constitutes the great physical law dis- 
covered by Dulong and Petit. 
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The mean of the atomic heats of solid elementary 
bodies ie 6-4, and the extreme limits within which theee 
atomic heats vary are comprised within the numbers 
5'5 and 6*9. The elements whose atomic heate are a 
little too low are certain metalloids of small atomic 
weight, such as boron, silicon, carbon, phosphorus, 
arsenic, sulphur, and selenium, to which must be added 
slnminium. Those whose atomic heat exceeds the 
average are certain metals, amongst which must be 
mentioned litiiium, sodium, potas8inm« thallium, cal- 
cinm, manganese, molybdenum, £c,, to which we must 
add iodine and bromine. But is it not a &ct of some 
importauca that while the atomic weights vary in the 
proportion of 1 to 30, and the specific heats in the 
proportion of 1 to 7, the products of these two quan- 
tities — that is to say, the atomic heats — only vaiy in the 
proportion of 1 to 1'2 ? 

The variations of atomic heats may be attributed to 
various causes. In the first place, to errors of observa- 
tion connected with the determination of atomic 
weights, and also with that of specific heats. Some of 
these determinations relate to bodies which have not 
yet been obtained in a state of perfect purity. On the 
other hand, as B^nault observeE, ' the determination — 
and, we may odd, the notion — of specific heats includes 
some uncertainties, 'for it includes several elements 
which we have not as yet been able to eliminate, espe- 
cially the latent heat of dilatation, and a portion of the 
latent heat of fusion, which is gradually absorbed by 
bodies, as they frequently soften long before the tempera- 
' An»aie» de CkSmie «t de Phyiigve, 3* abn^ t. zxri. p. 262. 1619. 
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tuie which is regaided ae their meltiog poiot is reached. 
Thus the heat applied to & solid body not only eerres 
to raise its temperature — that is to say, to augment the 
vibiatory energy of its molecules — but a portion, perhaps 
a considerable portion, of this heat la employed in per- 
forming the work of expansion, which work prepares 
the way for a change of Btate by diminishing the force 
of cohesion, by affecting the disaggregation of mole- 
cules, or by determining modifications of texture. AU 
these changes give rise to thermal phenomena, which 
are in some manner superposed, and the sum of which 
constitutes what is called specific heat. It is im- 
possible to distinguish the part played by each of these 
elements in the phenomenon ; but it is surely lemaxk- 
able that, in spite of the complexity of the phenomena, 
80 simple and so great a law should be evolved &om them 
when formulated in the terms employed by Dulong and 
Petit. Doubtless it is not rigorously exact, but the 
different elements of which specific heat is composed 
obvioiuly cannot act exactly in the same manner, either 
in differ^it elements or in the same element at different 
temperatures ; and yet these several infiuences enable us 
to estimate the variations to which specific heat is sub- 
ject, and consequently the atomic heat of certain bodies 
according to the temperature. It is probable that for 
every element there are limits of temperature within 
which the specific heat ia almost constant ; experiment 
at least has proved it to be so in the case of certain 
metals, such as iron, capper, zinc, silver, antimony, 
mercury, platinum, lead, and bismuth, and it is to be 
noticed that the atomic heats of these metals approach 
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very cloeel; to the average 6'4. May we not conclude 
iiom this &ct that if the limits of tempei&ture within 
which the specific heat was appreciably oonstaat were 
Imown for eveiy etement, the atomio heats calmilated 
from specific heats thus determined would more nearly 
approach the average 6*4 ? If this were so the law of 
Dulong and Petit, which is only an approximate 
one — as, indeed, aie all physical laws, especially the 
law of Marriotte — would acqoiie a greater degree of 
accoracy. 

However this may be, the vaxiations in specific heat 
are considerable for the three elements which alone 
seemed to form an exception to the law of Dulong and 
Petit — carbon, boron, and silicon. These exceptions have 
jnst disappeared, for it appears, &om the investigations 
of Weber, that the specific heat of carbon, boron, and 
silicon increases with the temperature, and becomes 
constant at high temperatures. This fact has been 
proved in the case of carbon and silicon, and it has be- 
come very probable in that of boron. 

The specific heat of the diamond is very nearly 
0-4589, that of graphite 0-4670; for Biliconiti80'2029 
between 0° and 252°'3 ; for boron it varies &om 0*1915 
to 0-3663 between —79° and 263''-6. Weber admits, 
without, however, giving any proof^ that it is nearly 0'5 
at higher temperatures. If the specific heats thus 
corrected are multiplied by the atomic weights of 
the three elements in question, we obtain for their 
atomic heats numbers which approximate to the 
average 6-4. 
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— 


Oubon 


am™ 


Bo™. 


Specific heats 

Atomic weights 

„ heata 


0-167 
12 
G'6 


0'203 

as 

6-7 


6'g 



What explanation can be given of the fact that the 
atomic heat of carbon, boron, and silican, at low tem- 
peratuies, is so &t below that of the other solid elements? 
The following consideTation will give a cine to the 
interpretation. In order to' raise the atomic heat of 
these three elements to the level of that of the other 
solid elements, it would be necessary to multiply their 
specific heat at low temperatuies by far higher nmnbers 
than their true atomic weightu ; thus, in the case of the 
diamond, it would be necessary to multiply its specific 
heat by 48 — that is to say, by the weight of four atoms of 
carbon — before we could obtain a lesolt at all in accord- 
ance with those given by the other solid elements. Can 
it be that this is the atomic weight of diamond, and that 
heat, in acting upon this body, sets in motion a^^egat«s 
of atoms, condensed atoms, instead of acting upon iso- 
lated atoms ? The same question arises in the case of 
graphite. To make its atomic heat equal the product 
6'6, it is necessary to multiply its specific heat at low 
temperatures — that is to say, at 200^ — by 33. This pro- 
duct €'6 would represent the atomic heat of graphite, if 
33 eipreseed its atomic weight. By a coincidence, 
which can scarcely be attributed to chance, this number 
33 has been considered by Brodie as the true atomic 
weight of graphite, which forms, according to this 
chemist, a curious compound with ox^^n, in which it 
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has the utomic weight 33. This compound of graphite 
has been called graphitic acid.' Similar coOBideratioiiB 
apply also to boion and silicon ; they are, however, of 
little importance, since these elements, from the le- 
searches of Weber, are now included in the geneml rule. 

Thus, if the atomic weights given in the table upon 
p. 124 are adopted, there are now no exceptions to the 
law of Duloag and Petit, which is the strongest ail- 
ment we can invoke in fevour of the new system of 
atomic weights. 

There Is an important fact which should be noticed 
before quitting this subject. The law of specific heats 
only applies to solid bodies. Bromine in a solid state 
conforms to it, but no longer does so when liquid, 
for after liquefaction its specific heat is considerably 
aagmented. This is generally true for liquids. It is 
well known that the specific heat of water is twice that 
of ice ; that of liquid meioury is also higher than that 
of solid mercury, but here the difference is so slight 
(0-0333 and 0-0325) that it does not sensibly affect Hoe 
value of the atoniic heat. The state of aggregation 
exercises, therefore, a certain influence upon the absorp- 
tion of heat by the atoms of a body. This influence is 
well marked in the gases ; and on this point we will only 
notice one important &et — that tlie atomic heat of the 
elementary diatomic gases, hydrogen, orj^n, nitrogen, 

' It ia well known that in treating graphite vith nitiio acid 
and potstmum chlorate Brodie obtained a carious acid — gi^ihitic 
add — in which be admits the existence, not of carbon, bnt of graphite 
as sooh. He represents the composition of this acid by the fononla 
Gi,E,Oh in which the atomic weight of graphite ia the same as its 
thermal eqiuTalenC, 33. 
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and chlorine, is eensiblj half the atomic heats of the 
solid element^.' This Ib evident from the following 
table :— 







Wdghu 


,^ 


Hjdiogeii .... 
Oxjgea .... 
Nito™. .... 
Chlonne .... 


3-4090 

0-2176 
0-31SS 

0-1210 


1 
- 16 
11 
36-5 


3-409 
3-286 
3413 

4-296 



To obtain the double products, the specific heatB , 
must be multiplied by doubled atomic weights — that is 
■to Bay, by the molecular weights. 

Molecular Heats- — It has bees admitted as a gene- 
Tal rule that equivalent quantities of compound bodies 
possessing a similar atomic composition possess alao the 
same specific heat. The products of the specific heats 
of these bodies by their molecular weights are sensibly 
equal, and if this product is called the ' molecular heat ' 

' It IB a fact worlly of notice that if the atomic heat of hTdro- 
geo and ozjgen ia calculaied fiam the molecular heat of water (in 
the state of ice) the values obtained nill be aensibly eqoal to those 
calculated from the epecifio beat of gaseous hydrogeD and oxygen. 
In faot,accoidingt« thelawof HeimaiiiiEoppandWaestyn(p.]32), 
the molecular heat of water, which ccntaJus three atCHUS, should 
«qual the sum of the atomic beats of tliese three atoms, and the qno- 
tient of this molecular heat by 3 ahould represent the atoniic heat 
«f hydrogen and oxygen. Now, the speciSc heat of ice being 0-S, 
0-6 X 18 9^3 
3 " S 
I^ on the contiary, the atomic heat of the elements of water is cal- 
culated from tlie specific heat of liquid water, a donble valne (6) is 
naturallj fonnd, which approximates to the mean of the atomic 
heats of the solid elements (6-4). 
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we may say that such bodies poseess the same molecular 
heat, or, in other words, that their moleculea absorb the 
same quantity of beat when their temperature is raised 
one degree.' 

As Hermann Kopp has remarked, this law has been 
verified in a great number of casee ; thus the nitrates 
and the chlorates NO,R', CIO,R', the metaphosphates 
aod the metarsenates POjE' and AsO^R', which present 
a similar composition, possess sensibly the same mole- 
cular heat.' This is also true for the perchlorates and 
permanganates ClO^R', MnO^R', the sulphates and the 
chromatea SO^M" and CrO,M", the carbonates COjM", 
and the metasilicates SiO^M". The law in question 
appears to be a result of the law of Dnlong and Petit, 
according to which tlie atoms of elementary solid bodies 
require the same quantity of heat to produce a given 
increase in their vibratory energy. Hence similar com- 
pounds containing the same number of atoms must be 
furnished with the same quantities of heat to produce a 
given increase in the vibratory energy of all these atoms. 
Hence, again, the molecular heat must increase with the 
nnmber of atoms of which the molecule is composed. 
This agrees with observation. Upon comparing the 
molecular beats of a great number of compounds, we 

' M. Begnanlt basexpieesed this law Id the followuiglliaiiiier:*^ 
The specific heals of componod bodies, posseasiiig similar chemical 
tominlae, are inTersely proportionate to their ' eqniTalenta.' (Ann. 
de Chim. H d» Pkyt., 3* s^rie, t. xrvi, p. 261.) 

* The molecular heat of the nitrates ia a little lower than that 
of the chlorates, the metaphosphates, and the metarsenates, a cir- 
camstance which toads to prove that the atomic heat of tutxogen ia 
wtuibly below tbe average. 
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find that they oonaist of the sum of the atomic heats of 
the elements. In iact« the products of the specific 
heats of the molecular weights will at once he seen to 
be equal to as many times 6'4 (mean of atomic heats) 
as the compound hody contains elementally atoms. 
Expressing the product in question as c u, then 



This relation is true for a great number of bodies, 
principally for the chlorides, bromides, iodides, even for 
the complex double chlorides, containing seven or even 
nine elementary atome,^ such as ZnK^Cl^ and PtK,Clu. 
In some cases it may be used as an indirect verification 
of atomic weights. Thus Kegnanit observed some time 
ago that the molecular heat of the chlorides of tin, 
titanium, and silicon is sensibly the same, on condition 

I Eennami Eopp, GmnptM rmdm, t. Ivl.p. 12E4. ^oeetjn bas 
stated tlie law of the specific heats of compoond bodies in a general 
manneir bj aapng that the atom of the element preserves its own 
speclQc heat in the compoond into which it entera. If, therefore, 
we represent the atomic weights of seveisl simple bodies by p, p^, p^, 
and their specific heata by e, o*, o", the prodacte, pe, jfi/, ^<f', wiU 
express their atomic heats. Let c represent the specific heat of a 
compoand foimed of a certain nomber n, n',m" of atoms p,p',j^, 
the molecnlai heat a H of this composition will be 

Olt - »yfl + n' pf tf + n" p'' ef + . . . 

and as by the law of Dnlong and Petit yo "^if =yy, then 



p 9 beinfir eqnal to 6'4. 'Hiis statement expresses the same proposi- 
tion as that given in the text after H, Eopp. 

* There ore, howSTer, some ezcsptioni relative to certain metallic 
sulphides and oxides. (H. Kopp,) 
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that they aie lepreseated by 
which 11=5; thus: — 



133 
formulae BCl., in 



— 


"& 


-Weights 


(Uoleonlu 
HhU) 


Chloride of tin . 
„ titanium 

iiUcoo . . 


01413 
0-1813 
0-1907 


260 
190 
170 


36-7 

31-8 
32-* 



We see that the products (c m) are Bensibly equal, 
which is an ai^^ument in favour of the molecular weight 
170 for chloride of silicoQ, SiCl^, and consequently of 
the atomic weight 28 for ailicon. 

The law of H. Kopp and Woestyn, which hae been 
illustrated above, may be said to furnish in a great 
number of cases the means of calculating the atomic 
heat of elements from the moleeiilar heat of their com- 
pounds. For example, according to Begnault, the 
specific heats of chloride, bromide, and iodide of lead 
are as follows: 0-0664, 0-0533, 0-0427. If these 
numbers are multiplied by the molecular weights 
277-4, 366-2, 460-1 of the three compounds in which 
we suppose n=3, we obtain the products — 

PbCl, 18-4 
PbBr, 19-6 
Pbl, 19-6. 

Subtracting from these three products the atomie 
heat of lead, 6-5, we obtain 11-9, 13, 13-1, which repre- 
sent the caloriiic capacities of the two atoms of chlorine, 
bromine, and iodine contained in the chloride, iodide, 
and bromide of lead. The half of these numbers, 5-9, 
6-5, 6'55, represents, therefore, the atomic heat of 
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chlorine, iodine, and bromine, and we see at once how 
closely the atomic heat of the chlorine contained in a 
Bolid chloride approximates to the average 6*4 ; and this 
seems to be a legitimate conclusion, since the compoei- 
tion of chloride of lead is unquestionably the same as 
the bromide and iodide. F^ally, the agreement which 
we have proved to exist between the calculated atomic 
heats and those deduced &om direct observation for 
Br and I would not hold if we were to adopt anothra 
hypothesis for the constitution of the oompounda in 
question — ^for example, if we aasumed n=2. This point 
will be developed presently. 

We must add that Eegnault was able to deduce the 
atomic heat of the alkaline metals, potassium, sodium, 
and lithium, from the calorific capacity of their com- 
pounds, and that the values thus calculated are found 
to agree with the results of experiments afterwards made 
with the isolated metals. 

It should also be remarked that the thermal equiva- 
lents of the metals as deduced by Eegnault &om their 
specific heats are the same as our atomic weights, and 
that this distinguished physicist has long recognised 
the great importance of the law of Dulong and Petit in 
the determination of atomic weights.' 

We will take one more example in illustration of 
the subject now before us. 

Is the atomic weight of mercury 100 or 200? In 
the first case, if we represent 100 parts of mercury by- 
Hg, then the mercurous and mercuric chlorides, bromidea, 

' See tie note on p. HO. 
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and iodides must be represented by the following 
fiirmulse: — 









Oompoands. 


14,01 


E,a 


H,,T1T 


HgHx 


H,f 


M,!. 



li, however, we represent 200 parte of mercnry by the 
symbol Hg, they become — 



HgA Hgl, 

Judging &t>m the specific heats of these compound^ 
the latter system of formuUe is to be preferred. In 
fact, if we take 200 as the atomic weight of mercury, 
then in mercuTouB compounds it =4, and in merenrio 
compounds n= 3, and the molecular heats which may be 
calculated &om the formula CH=nx€*4 are sensibly 
equal to those which are directly deduced from the 
specific heats obtained by experiment. 



FornmlB 


^«iacH«u 




BpnoUlaHnta 

Obaemiil Kols- 
SDluBnU 


MolMntar 

EHta. 


HgCl, 


0-0689 
0-0*30 
0-0B306 
0-0385 


271 

171 

6B4 


18-67 
19-08 
24-61 

26-18 


19^2 
193 

26-6 
26-6 



The resemblance is here very striking between the 
calculated values and those obtained by experiment. 
This would no longer be the case if the first system of 
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foimulffi were adopted, and n=Z represented the d 
curous and 71=2 the mercuric compounda. 



FannoDe 


SpscUoHeata 


XSST' 


PpoducWof 
theSpecUo 

coIuHsta 


Cilonlated 
HsUoCtbe 


»x« 


1 


O0689 
0-0420 
O-0B206 
0-0386 


13B-B 

227 
236-6 

327 


933 
9-63 

12'2S 
12'59 


6-1 
G-4 
9-6 
9-6 



We may close this subject with the following remark : 
— If the considerations drawn &om the specific heats of 
the chlorides and bromides of mercury are suoh as to 
influence our choice between the numbers .100 and 200 
for the atomic weight of mercury, it ia clear, on the 
other hand, that they throw no light upon the question 
as to whether or not the formulas of mercurous com- 
potmde ahould be doubled. Cannizzaro piefers the 
simple formula HgCl to HgjClj, because it agrees wiUi 
the vapour density of calomeL We refuse to accept tJie 
latter formula, because the vapour of calomel piesents an 
anomalous density (p. 115), and not from the considera- 
tions drawn from the specific heats; for, in doubling 
the formula, we multiply by 2 each member of the- 
equation cu=7ix6'4, which, therefore, leaves the 
question proposed undecided. This is true in many 
other casee. 

Molecular Volatilitisa. — Bunsen has discovered a 
curious relation between the laoleculax weights and the 
volatility of certain salts, especially the haloid salts. 
If eft]ual weights { one centigramme, for example), of alka- 
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line chloiideg, bromidee, or iodides are exposed in the 
hotteet part of the same Bungeii burner, we shall find that 
under these conditions, when the amount of heat fur- 
nished in a given time is sensibly the same, these several 
salts take a very different length of time to volatilise, 
which is almost inversely proportional to their mole- 
cular weights, so that by multiplying the times of 
volatilisation by the molecular weights we obtain 
productB which, though not identical, sensibly approxi- 
mate to a mean value (4977). The following table 
gives, according to Bunsen, the times of volatilisation 
in seconds for one centigramme of various haloid salts. 
We have added the corresponding molecular weights, 
and the products of these weights by the times of 
volatilisation ; — 



BBlta 




Tttama 


Wslgbto 


ProdooM 






CECBkiun efaloride . 
Potassiimi iodide . 
Sodium cUoride ' . 
IJthinm cMoride . 
Potoesioia chloride . 
Sodinid biomide 

eodinm Iodide * . 




31-8 

39-8 
8*'2e 
ll*-0 
66-4 
18-8 
41-6 
38-6 
86-7 


166 
166 
68-6 
12-5 
74-6 
1027 
116-8 
120-7 
149-6 
Mean 


6268 
4934 
4929 
4846 
4879 
6013 
494S 
4669 
6337 
. 4977 



We see that the products vary betweeQ the numbers 
4659 and 5337— rthat is to say, in the proportion of 1 to 
1'4 — while the times of volatilisation vary from 29*8 to 
114, in the proportion of 1 to 3"8. This result, though 
only approximate, is significant, and we must remember 
that the difficulties attending the ezperinoent scarcely 
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admit of greater aconracy. It shows that in an equally 
hot flame, and in a given time, the same number of mole- 
cules of the haloid salts are volatilised, or, in other 
words, that the moleoular volatilities are the same. 



JTie New System, of Atomic Weights ia w Harm^ony 
with the Law of IsOTnorphism. 

The demonstration of this point will be neither long 
nor difficult. We have already observed (p. 60) the 
assistance which Berzelius derived &om isomorphism in 
the determination of certain atomic weights, such as 
those of aluminium and iron. The principle which 
guided him in these considerations was correct. The 
atomic weights of simple bodies must be so determined 
that analogous and ieomorphous compounds shall receive 
similar formulse. This principle is respected by the 
new system of atomic weights. 

We need not here eniuneiat« all the cases of iso- 
morpbism presented by the combinations of analogous 
elements, and will therefore only mention the follow- 
ing : — the oxides, 

Ab,0„ 8b,0, ; 
the sodium phosphates and arsenates, 

POj.Na^ + 13H,0, 
AsO,.Na^ + 12H,0 ; 

the corresponding ammonium salts, 

PO..(SH0^, 

AbO,.(NH.)^; 
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the aulpharseDite and Bulphantimonite of silver, 

and the isomorpfaoroiiB phosphates, arsenates, and vana- 
datee of the apatite group — 

(PO,),Ca,Cl apatite, 
CPO.^Pb.Cl pyromorphite, 
(AaO,),Pb,Cl mimetesite, 
(VO,),Pb,Cl vanadinite. 

We shall return to the latter compounds. Here we 
need only remark that since the researches of Boscoe 
the atomic weight of vanadium has heen altered, so that 
vaoadinite, which is isomorphouB with apatite, is repre- 
sented by a similar formula ; secondly, that calcium and 
lead, bivalent metals in the new system of atomic 
weights, cannot be replaced in the isomorphoua com- 
pounds under discussion by univalent metals, such aa 
potassium or sodium. 

The latter point is important and requires explana- 
tion. The law of isomorphism teaches us that the 
alkaUne metals, amongst which we have included silver, 
because it also is univalent, form a separate group, dis- 
tinctly separated trom the several groups of bivalent 
metals, such as m^;nesium, calcium, barium, stron- 
tium, lead, &c. Thus the sulphate and eelenate of 
silver. 



are isomorphous with the anhydrous sulphate and 
eelenate of sodium. 
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Od the other hand, the alkalme sulphates, selenates, 
pennanganates, and perchlorates are isomorphous with 
each other, but not with the corresponding salts of the 
magnesium series. Thus we have — 

SO^H isomoipbona with SeO.SE (UiUchetlich), 

SO^Na, + lOHjO isomorphons with ■T^'^'^"' * ?°°'2' 
La6U|na, + lullqU- 

The same remark applies to potassium perchlorate 
and permanganate, which, by the new system of atomic 
weights, are represented by similar formulie — 

C10,E potasBium peichloiate, 
UdO^ poUoainm permanganate. 

In the equivalent notation they were written — 



The isomorphism of the chromates and manganates 
with the sulphates and selenates also deserves notice ; 
it led Berzelius to halve the atomic weights which 
he had formerly attributed to chromium and manga- 
nese. 

The isomorphism of the alkaline chlorides, bromides, 
iodides, and chloroplatinates is so well known that there 
is no occasion to lay stress upon it here. It is admitted 
that silver sulphide and cuprous sulphide ' are isomor- 

' The ifiomorphiam of cuprous sulphide and silver Bulphidn 
suggested the following reftections to V. Regnault, which are given 
at p. 316 of vol. ii. of his Cbwi iUmeniairt de CMimie, 2nd edition : — 
' Native sulphide of eilver ia isomorpbous with the native sub-sul- 
phide of copper, Cu^ ; these two sulphides seem to have the power 
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phouB, at least in their compounds. These Bulphides 
are represented by the following analogous atomic 
formulae : — 

Ag^ ailver snlphide, 
Cu^ copious sulphide ; 

whilst in the equivalent notation they received the 
diesimilar formulEs — 

of replacing each other in all proportions, as, for example, in the 
mieti«B of fahlerz. We have maintained that this isamorphism 
exists only between bodies poeaessiDg the same chemical (ormolie, 
and we have frequently Teterred to this law in fixing the equivalents 
of elementary bodies. But sulphide of silver woidd form an ex- 
ception to the law if we give it Uie foimols AgS — that is to say, if 
we adopt the number 13S0 as the equivalent of silver. This con- 
sideration has led several cbemletB to give to solpbide of silver the 
formula Ag,S, and Ag,0 to protoxide of sU-ver, and to take the 
number 675 as the equivalent of silver. This view has been con- 
finned b; several other circumstances which demand our attention 
for a few momenta. Physicists have shown by a great uumber of 
expenments that there exists a very simple relation ^tween the 
specdfio heats of bodies end their chemical equivalents. This law 
ttateB thai tie ^e{ifioheaU(!f«lemmiaiyii>dui,'nitAinnarTVivUmit», 
vary iraeriely at their tqmvalmU. Now, silver will only satisfy this 
law when the number 676 is received as its equivalent. Moreover, 
a law ■""lili^r to that which we have just indicated for elements has 
been recognised for the specific heats of compounds. This law may 
be thue stated : The tpeeifie heatt iff eampmmdi poueuing the tame 
ftrmt^Ot nithin narrow Umiii, vary inxttnelg a> th« manben Tehich 
Ttpre»ent the ehemioal eqyivaieTitt of thete eam^ou/ndt. Now, the sal- 
phidea of wlvsr and copper satisfy this law if we represent snlphide 
of silver by the formula Ag^. 

' Bat if we write the formula of snlphide of silver Ag^, and con- 
sequently that of protoxide of silver Ag,0, we most write the for- 
mula of soda Na,0, and not NaO, as we have hitherto done, for we 
have seen that the sulphate of nlvec is isomorphous wiUi the anhy- 
drous aolphate of soda. The sttlts of potash and of lithia being 
isomoiphons with the corresponding salts of soda, when they con- 
lain the same quantities of water of crystallisation, we most give 
to potash the formula E,0 and to lithia Li,0,' ka. 
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AgS BDlpMde of silver, 
Ca,5 snlpbide of boiler. 

On the other hand, tlie metals, whose atomic 
weights have been doubled by Cannizzaro, present 
numerous cases of iaomorphism, and form a group per- 
fectly distinct &om the preceding. The isomorphism 
of the nitrates of barium, strontium, and lead, which 
crystalliae in octohedra, is well known, as also of the 
carbonates isomorphous with Iceland spar, which crystal- 
lise in rhombohedra. 

CO,Ca" ealdnni carbonate {Icelacd epai), 
GO,Hg" magneaiiun carbonate (magnesite), 
COgHn'' manganona carbonate (diallogite), 
COiFe" feiTouH carbonate (siderite), 
CO,Zn" line carbonate (smithBonite). 

The clinorhombic sulphates and selenates of the 
magnesian series, which oryetaUise, some with seven, 
otiiers with six, molecules of water, form two isomor- 
phouB groups — 

180,?e' + 7H,0 ferrous aolphate, 
80,0o" + 7H,0 cobalt snlpbate, 
SO.Mn" + 7H.OinanganonsBn:phate, 
SeO.Fe" + 7H,0 ferrous selenate. 

SO.Mg" + 6HjO magnesiuin sulphate, 
80,Ni" + 6H,0 nickel sulphate, 
SO.Co" + 6H,0 cobalt sulphate, 
SO.Zn" + 6H,0 lino snlphate, 
SeOiNi" + 6H,0 nickel aeleuate. 

It is a curious fact that, under certain circumstances, 
these same sulphates and selenates can crystallise in 
orthorhombic prisms, and, according to Mitscherlich, the 
sulphates and selenates of nickel and the seleuate of 
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zinc (with eeven molecules of ivater) in quadratic 
. prisms : thej are therefore isodimorphous. 

We must further notice the isomorphouB sulphates 
and selenates, which crystallise in the anorthic aystem 
with five molecules of water — 

BO,Ou" + 6H,0 copper solphate, 

SeOjCa" + GH,0 oopper saleiiate, 

SOjMc" + 6H,0 manganouB anlpbate, 

SeO.Fe" + GH,0 ferrous selecate. 

Other iaomorphoue sulphates and eelenates crystal- 
lise with four molecules of water in clinorhombic 



SO,Mn" ' + 4n,0 maDganona sulphate, 
SeOiMn" + iSfi manganons selenate, 
SO^Fe'-' + 4H,0 feTTOua snlpliate. 

, And, lastly, we must not forget, in the order of com- 
pounds now before us, the numerous double isomorphous 
sulphates of the magnedan series, S04M".S04R, + 6H,0, 
which crystallise in clinorhombic prisma, and in which 
M" may be represented by magnesium, zinc, nickel, 
cobalt, iron, cadmium, or copper, and R' by sodium, 
potaaaium, or ammonium, but not by a metal of the 
other groitp. 

There is no known sesquiozide of the alkaline metala, 
but there are some which are very important and 
characteristic in the groups of metals of which the 
atomic weights have been doubled by Cannizzaro. For 
instance, the sesquioiddee of aluminium, iron, manga- 
nese, and chromium present important cases of iso- 
morphism. The following oxides ciystallise in the 
rhombobedral systeip : — 
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A1,0, oomndum, 

Fe,0, specnlai iton, 

(FeTi)O, titaniferouB iron (ilmenlte), 

C[,0, cbion^luu ozjde. 

Analogous formiilse have been giveii to all these 
bodies, as well as to their isomorpbous compounds, 
amongst which we may distinguish the spinels and 
the alums, which crystallise according to the regular 

MgO.Al,0, spinel, 
FaO.FejO, magnetic oxide of iroQ, 
MgCFsjO, pleonaste, 
ZnOAl,0, galmite, 
ZiiO.Fe,0, fianklinite. 

The spineb form a very natural isomorphous group, 
and it is a well-known fact that tbeix metallic elements 
often replace each other in the same crystal, without 
change of form. Thus, to take a siitgle example, &ank- 
Unite forms crystals in which Zn is replaced by Fe or 
Mn and Fe^ by Mn,. 

It is unnecessary here to draw up a complete list 
of the alums (S04),M,,S0«R, + 24H,0, in which M is 
aluminium, iron, manganese, or chromium, and R po- 
tassium, sodium, or ammonium. 

The examples which we have just quoted ^ow that 
the new system of atomic weights is in harmony with 
the law of isomorphism ; isomorphous elements have re- 
ceived atomic weights which allow ua to give analogous 
formulee to the similar compounds in which these 
elements occur. In our exposition of the origin of 
this discovery we have already indicated the assistance 
which, in certain cases, may be derived from it in 
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determining atomic weighte, when for a given element 
considerations of a chemical order leave us to choose 
between several ralnes. 

There are, however, a few reservatione which must be 
made in connection with the inferences to be drawn 
from isomorphism in the determination of atomic 
weights. 

In the first place we must clearly comprehend the 
definition of isomorphtem. All bodies presenting 
identical forms, even with a similar composition, are 
not necessarily isomorphoue. In order to be so the 
elements said to be isomorphous must be able to replace 
each other in the same crystal, as, for example, is the case 
with red silver, SbSjAgj (pyrargjrite),and with proustite, 
AsSjAgj, with the spinels, gamete, alums, &c. The 
following bodies, though they possess identical forms 
and a similar oompoeition, are not isomorphous, as was 
formerly supposed : — 



NO,K potassiiun nitrata (sBltpetre), 
CO,Ca caldam carbomite (amigoriite). 

This must not be forgotten : considering the im- 
mense number of chemical compounds and the limited 
number of physical forma which they can affect, it 
must often happen that dissimilar compounds may 
appear under the same form, without authorising us to 
consider them as isomorphous. This, for example, is 
the case with the two iodides of mercury Hg^Ij and 
Hgl,, which both crystallise according to the quad- 
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ratic system, and the anglee of which are sensibly 
the same, as Des Cloizeauz has recently shown. 
Must we conclude that they are really isomorphous ? 
This seems inadmissible. This conclusioti would only be 
legitimate if we were to find well-defined crystals in 
which the two iodides were mixed. 

In the second place, it may happen that compounds 
poBsesBing different atomic structures crystallise under 
the same form and are truly isomorphous. No one will 
deny the isomorphism of potassium chloride and am- 
monium chloride, and of ammonia alum and ordinary 
alum, though the ammonium group NU^ presents a 
different atomic structure to that of potassium K. 

Marignac, one of the most eminent and most com- 
petent chemists in these matters, regards as isomorphous 
the double fluorides of titanium, the double oiyfluoridee 
of niobium, and the double oxyfluorides of tungsten. 
He has observed that the following double fluorides and 
oxyfiuoridee, which have potassium or copper as base, 
crystallise under sensibly identical forms : — ' 

Potaasinm salta K,TiF,.HjO; K^NbP,O.H,0; K,WP,0,^,0. 
Copper salta . CiiTiF,.iH,0 ; OnIJbF,0.4H,0 ; OnWFjO,.*H,0. 

This is also true for the double fluorides of zinc, which 
form the following series : — 

ZIdc flnoailicate ZnSiF,.6H,0, 

Zinc flnotitanat* ZnTiF,.6H,0, 

Zinc Suostamiate ZnBiiF,.6H,0. 

Zinc flnoijniobate ZnNbOF,.6H,0, 

Zinc flnozTTDolybdate ZdHoO,F,.SH,0 

' Cvaptet rendui, vol. Inxir 
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The isomorphiBm of the fiuosilicates, fluotitanates, 
and fluostaimateE ia easily explained by the fact that 
these s^ta have a similar atomic composition ; but before 
we can bring the iBomorphiam of the preceding fluorides 
with the oxyfluorides into agreement with the law 
of Mitscherlich we must admit, with Marignac, that 
ozygea and flnorine are ittomorphous elemente, and 
consequently can replace each other in combinations, 
atom for atom, without producing any change of form. 

Thus we Bee that the law of isomorphism gives rise 
to some difficulties, and must be applied with judgment 
in the determination of atomic weights. It will only 
prove of real utility, from the point of view in question, 
when restricted to certain groups of analogous bodies, 
and when the conclusions to which it may lead are 
formed under rigorous restrictionB. For example, we 
have mentioned above the compounds of niobium, and 
will now add further that Marignac has made a very 
judicious use of the law of isomorphism in fixing the 
atomic weight of niobium and tantalum. The double 
fiuoride of niobium and potassium is isomorphouB with 
the double fluoride of tantalum and potassium ; tantalic 
acid, Ta^Og, and niobic acid, Nb,Og, should therefore 
receive analogous formula, and the atomic weight of 
tantalum be given as 180 if that of niobium is 94. 
Now, the latter atomic weight has been derived from the 
vapour density of niobium chloride, NbCl^, which has 
been determined by H. Deville and Troost. 

It is in such cases as these that the law of isomor- 
phiam aSbrds valuable information, when it« indications 
can be connected with the positive intelligence drawn 
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from the law of volumes or the law of specific heats. 
In the detenninstton of molecular and atomic weights 
the latter laws give more efficient aid to chemistry than 
the law of isomorphism, although the enunciation of 
these lawe may not be strictly accurate from a physical 
point of view. We have already made this remark in 
connection with the law of specific heats, which is an 
incomplete law (p. 125). The same remark applies, 
though in a less degree, to the law of volumes. In fact, 
the laws of Gay-Lussac and that of Avt^adro and 
Amp4re are dependent upon the law of Mariotte, and 
are in a manner forced to follow its variations. 
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CHAPTER VI. 

THE ttSW SISTKM or ATOnO WEIGHTS BSSFIOTS AND 
BENDEBS UTIDBIIT THB AHALOOIBS WBICE ES18I 
BKTWBBH BODiaS. 



DTJHAS— HSNDILRJBFF. 



Tee new ByBtem of atomio welghU renders evident 
numerooB analogies which have been discovered in 
chemistry, between either the elements themselves or 
between their compounds or reactions, thus dealing 
with the most varied and the moat profound questions 
of science. It is a vast subject, which might be de- 
veloped to a great length, but of which we shall here 
only endeavour to give a sketch. 

Chemistry is not merely an immense collection of 
facts, but more exactly the scienoe which teaches us to 
classify and arrange them, and this classification should 
begin with the elements themselves. Attempts have, 
we know, for some time been made in this direction. 



vGoogIc 



150 THE ATOMIC THEORY. 

The first, whicli was the most satisfactory, is due to 
Dumas. Admitting the distiuctioQ between the metals 
and the metalloids, Dumas proposed to divide the latter 
bodies into five families — namely, those of hydrogen, 
chlorine, sulphm', phosphorus, and boron. The prin- 
ciple, moreover, of this classification — that of comparing 
bodies which form similar compounds — agrees with the 
natuml method. We shall not now dwell upon this 
point, which will be developed presently, but merely 
give Dumas' division of the metalloids into five families.' 

1st family : hydrogen, 

2nd family : fiuorine, chlorine, bromine, iodine. 
3rd family : selenium, sulphur. Appendix : oxygen. 
4th &tmily : phosphorus, arsenic. Appendix : nitro- 
gen. 
5th family : boron, silicon. Appendix : carbon. 

Time has made little alteration in this attempt at 
classification. The bodies added as appendices bava 
become the heads of their respective families. The 
only change that has been made has been to separate 
boron from carbon and silicon. Attempts have long 
been made to form the metals into similar groups. 
But here the problem becomes much more complicated, 
because, in the case of a great number of metals, the 
analogies are much less strongly marked, and the extreme 

■ ^mtt de Chimin appUquSe aim Arts, t. i^ bitrodoction, p. 
IzxTU. We owe the term mtttilloidi to SimoD, who proposed it in 
1808 tjj designate the metals of the sUalis and of the earths le- 
Bembling the metals properly eo called. In 1811 Berzelins applied 
(he tenn to the non-metallic elements, (3. Kopp, OetcMokte der 
ChmUe, t. iii, p. 96.) 
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terms of each group disagree to some extent in their 
properties and in the nature of their compounds. Thus 
certain metals constitute a transition between the several 
groups, and these, inteimediai; terms only serve to put 
difficulties in the way of claesiBcation. KevertheleBS, 
several gronpe of metals have been established. We 
will mention, in the first place, the alkaline metals, to 
which may be added, bs an appendix, silver, thallium, 
and, to a certain point, copper and gold. 
A second group comprises — 
Oalcinm 



to which may be added on the one hand- 
Lead, 
on the other — 



Cobalt, nickel, iron, and manganese are connected 
with the preceding series throngh zinc. But this group 
throws some difiGcnlties in the way of classification, as 
iron and manganese, which offer some analogies with the 
metals of the magnesium series, are connected, from 
another point of view, with both chromium and 
aluminium. 

Another group of metals is connected with silicon, 
and comprises- — 

Titauiom 
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The following metale are connected with the &mil; 
of nitrogeo, phoBphonis, and areenio : — 

Antimony 

Niobium 
T&ntalnjQ* 

Molybdenum and tungsten pieeent many mutual 
analogies, and resemble chromium and uranium. 

Copper is difficult to classify. In the nature of its 
compounds it is not unlike mercury, but it also pre- 
sents analogies with silver, and from this point of view 
resembles the alkaline metals. 

Finally, the metals which accompany platinum hare 
always been grouped into one family, which may be sub- 
divided into three classes — ^i.e. ruthenium-osmium, 
rhoditun-iridium, palladium-platinum. 

The metals which form part of these families or 
classes are characterised by the analogy of the com- 
pounds which they form with the metalloids, particularly 
with oxygen and chlorine; for here, unfortunately, 
hydrc^n compounds are wanting. Similar formulce 
are accorded to a given group of the compounds in 
question, if appropriate atomic weights are assigned to 
the latter. 

Each group of metals differs from the rest in the 
nature of its compounds. This is an established &ot^ 
and will be developed presently. But it was former^ 
unknown, having only recently been discovered, that 
the characteriBtic properties of the elements, whitdi 
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determine the nature of their compounds, are dependent 
upon the atomic weights. 

Chemiete such as Gladstone, Cooke, Pettenkofer, 
Odling, Kremers, and Dumas bad pointed out certain 
nmnerical relations existing between the atomic weights 
of bodies belonging to a given group. 

Thiis, to quote a few examples from Dumas, very 
simple relations exist between the * equivalenta ' of 
the bodies belonging to the families of oxygen, 
lithium, and magnesium. The numbers expressing 
these 'equivalents' form part of arithmetical pro- 
gressiom a+sed. 



dm & a a + d a + M a * 7d 

We shaU notice, as Pettenkofer has already done, 
that in these three families, the differences between the 
equivalents' of the analogous elements are represented 
1^ 8 or by a multiple of 8. 

In the families of fluorine and nitrogen we meet 
with the following relations, which ate not quite eo 



A -t u * i' a» + ad + ^ 
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d-n a a-i-d a + d+df ti + a*S^ a + d + id" 

<r = 4* 

The oomparisoD of these numerical relatioDB has led 
to an ingenious infeience. If Uie homologous radicals of 
organic chemietry are formed by the addition of nCH, 
to a given compound, why should we not suppose that 
the metals themselves are formed by the addition of a 
given species of matter, difTering only in the manner of 
condensation? This was Front's hypotitefos, wMch 
reappears under another form, but even when thus 
transformed does not admit of a definite conclusion. 
Nevertheless we may derive from all these facts and 
considerations the following conclusion : the properties 
of bodies are dependent upon the atomic weights, and 
when we observe a great resemblance between a certain 
group of elementary bodies we shall also find a certain 
r^ulaiity in the increase of their atomic weights. 



n. 

The work of MendelejeGThas lately thrown a new light 
upon the relations existing between the atomic weights 
of elements and their properties. The latt«r are a 
function of tbe atomic weighte, ^uch function is 
periodde. Such is the proposition of the Bussian 
chemist. It is not limited to such and such a group of 
dements, but embraces all the elementary bodies of 
chemistry. It is not limited to the considemtion of cer- 
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tain analogies, but comprises all physical and chemical 
properties. It is simple in its principle and productive 
in its results, AH the elements are arranged according 
to the increasing valne of tbfir atomic weights. We 
thus find that from one element to another the figures 
expressing these atomic weights onl; differ by a few 
units. We also remark that the properties are gradually 
modified as the atomic weights increase; that these 
modifications, moreover, do not advance continuously 
from the first term to the last, hut pass through several 
cycles or periods. The differences between the atomic 
weights of contiguous elements are appreciably equal, 
but not absolutely so ; and even in some cases we find 
very considerahle discrepancies, as if there were a gap 
between contiguous elements. Mendelejeff has pointed 
out several, and it is a remarkable fact that one of these 
gaps has since been filled up. Lecoq de Boisbaudran's 
gallium had its place assigned in Mendelejeff's list. Its 
density had been accurately foreseen &om the number, 
which was very near the truth, assigned to its atomic 
weight. The synthesis of the Russian chemist is thus a 
powerful one, and must in future be taken info considera- 
tion whenever we undettake a classification of bodies in 
accordance with their properties and reactions, or, in a 
word, regard the fects of chemistry from a lofty and 
comprehensive point of view. 

The following example will explain Mendelejeff's 
conception : — 

Let us take the fourteen elements whose atoms are the 
lightest after that of hydrogen, and arrange them in two 



vGoogIc 



156 THE ATOMIC THEOHY. 

horizontal lines, following the progiesaioii of their atomic 
weights. 

Li - 7; O - 9-4; B - 11; - 13; :H = II; - 16; B - 1». 
Nft 1= 23; TSg = 2*; Al - 273; Si - 28; P - 31 ; S °> 32; 
CI - 366. 

In these two groape of simple bodies phyeicBl proper- 
ties and chemical characters manifest gradual modifica- 
tions proportional to the increase in the atomic weights. 
Thus the densities increase regularly, so that they reach 
a maximum about the middle of the series and after- 
wards diminish. Again, the atomic volumeB — that is to 
eaj, the volumea which would be occupied by quantities 
proportional to the atomic weights, and which are the 
quotient of the atomic weights by the deneitieB — 
naturally follow an inverse proportion to that of the 
densities ; they decrease regularly, reaching a minimum 
about the middle of the series (see the table further on). 

Thus, taking only the second group (the three last 
terms of the first are gaseoua), we have, for the different 
simple bodies of which it is composed, the following 
elements and atoDiic volumes : — 

N> ug Al a p s a 

DetLMties 0-97 I'7S 267 2-19 1-Sl 206 1-38 
Atomic Tol. 2t II 10 11 16 16 27 

We find, moreover, that the volatility diminishes 
from sodium to silicon, and increases again after silicon. 

The chemical characters of the metals belonging to 
these groups are also subject to regular variations. 
Between each term differences are found in the funda- 
mental chemical properties, which differences are 
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manifested by the nature of the compounds. Among 
these compounds Meitdelejeff has considered those 
formed with hydrogen or ohlorine, aiid especially with 
oxygen. In these two groups the three first terms do 
not form comhinations with hydrogen ; such combina- 
tions do, however, occur in the last four, and here we may 
note the remarkable peculiarity that in these hydrogen 
compounds the number of hydrogen atoms decreases regu- 
larly from four to one (see the following table). 

As we have just remarked, the metals which form 
the first terms of the two preceding groups do not enter 
into combination with hydrogen; they unite, on the 
other hand, with chlorine, and their capacity of combi- 
nation with this element increases regularly. This 
double variation is shown in the following table : — 

LiCl I GCl, I BCl, I 001,{ CH, 1 NH, I OH, I FH 
TSiCl \ HgCl* I AlCl, I SiClt ; SiH< | PH. I SH, I CIH 

A similar r^^ularity may he observed in the oxygen 
compounds : the number of oxjgen atoms, with which 
the metals forming the two groups can combine, increases 
r^ularly &om the first to the last.' 

lj,0 I Qfi,* I B,o, I c,0,« I N,0, I — I — 
H8,0 I Mg,0,» ] A1,0, I Si,0,* I P,0, P S,0,* | 01,0, 

Another interesting peculiarity ooosiBte in the Eact 
that the chemical functions of all these oj^gen com- 
pounds are gradually and regularly modified from term 
to term, the first being strong bases, the intermediate 
ones indifferent bodies, and the last powerfiil acids. 

> The foTnmls nutrked with an asterisk have been doubled, ao aa 
to make the regnlaiitr ia qoestiou more striking. 
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Now, the cMef characteristic of all these vaiiatione 
Ib the fact that they ara repeated in both groups, so that 
the first term of one agrees with the first term of the other 
(Li with Na), the second with the second (GwithMg), 
and so on. Supposing all these elements to be arranged 
one after the other, we diatinguiah, as &r as the variations 
of properties are concerned, two periods, the one begin- 
ning with lithium, the other with sodium. This is what 
Mendelejeff calls the periodic law. He extends it to all 
elementary bodies, and expresses it in the following 
terms: the jtroperties of elements (and consequently 
those of the compotinds which th^ may form) stand 
in periodic relation to their atomic weights. 

In the following table all the simple bodies are 
arranged according to the progression of their atomic 
weights, and, in addition to this, are made to form hori- 
zontal and veridical series. 

The horizontal series consist of elements resembling 
each other in their atonoic weights, and of which the 
properties are gradually modified, so as to complete the 
period. 

The vertical series consist of elements connected by 
the whole of tiieir properties, and which may be termed 
homologous. The elements given in these vertical series 
form natural ^milies. 
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We bare given thia table at length, that the reader 
may eetimate the true value of the attempt at clasaifi- 
catioa in question, which, for the first time, embraces 
all the elements known to chemistrj. This attempt, 
doubtless, still presents man; imperfections, greatly due 
to the uncertain state of our present knowledge, especially 
with regard to rare elements. Thus tellurium is not in 
its place, supposing its atomic weight to have been 
accurately determined. If tellurium were the inter- 
mediate element between antimony and iodine it should 
possess an atomic weight of about 125. A question might 
also be raised as to whether copper is correctly placed : it 
is separated &om certain elements — mercury, for example, 
which it appears to resemble. Other simple bodies, such 
as cobalt and nickel, the atomic weights of which are very 
similar, if not identical, also give rise to a difiiculty. 
According to the principle of the classification, their pro- 
perties should similarly coincide, wMcb is not the case. 
And yet we know that these metals have many points 
in common. This is also the case with chromium, 
manganese, and iron, which are placed side by side in 
the same horizontal series, and between the atomic 
weights of which there is very little diflference. On 
the other hand, great diflFerences may be observed be- 
tween the properties of vanadium and bromine, between 
potassium and calcium, between rubidium and ruthe- 
nium, which yet are so closely related by their atomic 
weights. In the same manner we must confess that 
the variations or gradations of properties are &r from 
progressing regularly or uniformly in the different 
groups. In some cases they are too great, as in the 



vGoogIc 



162 THE ATOMIC THEORY. 

first group, carbon, nitrogen, oxygen, and fluorine ; in 
othere too slight, as wb have just remarked, for the last 
tenna of the third group. Though it may be gene- 
rally true that the properties of bodies are subject to 
periodic modifications with the increase of their atomic 
weights, the law of these modifications escapes our 
observation, and seems to be of a complicated nature j 
for, on the one hand, the atomic weights of succes- 
sive elements vtuj within considerable limits, without 
displaying any regularity in these variations ; on the 
other hand, we must confess that the gradations of 
properties, or, in other words, the greater or less diver- 
gencies between the properties of successive elements, 
do not appear to depend upon the degree of the dif- 
ferences between the atomic weights. These are real 
dif&culties. 

In the preceding table we are principally struck, at 
first sight, with the gaps which may be noticed between 
two elements, the atomic weights of which show a greater 
diflerenee than two or three units, thus marking an in- 
terruption in the progression of the atomic weights. 
Between zinc (64-9) and arsenic (74'9) there were two, 
one of which has been recently filled up by the dis- 
covery of gallium. We must, however, remark that 
the considerations by which Lecoq de Boisbaudran 
was led in the ' search ' for gallium (for this great dis- 
covery is not due to chance) have nothing in common 
with the conception of Mendelejeff. Again, though 
gallium has filled up a gap between zinc and arsenic, 
and though other gaps may be subsequently filled, it 
is l^ no means proved that the atomic weights of the 



vGoogIc 



BIENDELEJEEF'S PEEIODIC LAW. 163 

new elements will be those a^eigned to them by the 
principle of classification which we have been discus- 
sing. 

In tact, the atomic weight of gallium is sensibly 
different to that which was predicted by MendelejefT. 
It is also possible that the future may be reserv- 
ing for us the discovery of a new element, the atomic 
weight of which will closely resemble or coincide with 
that of a known element, as the atomic weight of nickel 
coinGideB with that of cobalt, and as that of potassium 
closely resembles that of calcium, and such a discovery 
would not fill any foreseen gap. For example, if cobalt 
were unknown, it would not be discovered by Mende- 
lejeff's principle of classification. This imperfection ig 
undoubtedly due to the feet mentioned above, that the 
rate of increase in the atomic weight of elements 
belonging to the same period (horizontal series) is altor 
geiher irregular. 



III. 

Among the physical properties dependent upon 
atomic weight we have not yet mentioned density. Other 
physical properties seem in the same manner to be sub- 
ject to periodic variations with the increasing value of 
the atomic weights. We may mention particularly 
malleability, fusibility, volatility, and conductibility for 
heat and electricity. Without entering into the details 
of this subject, we may give an outline of all the 
facts, drawing our information from a graphic con- 
struction for which we are indebted to Lothar Meyer, 
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who has contributed a detailed and important deve- 
lopment to Mendelejeff 's idea. (See the end of the 
volume.) 

The elements are arranged upon the aids of the ab- 
BciasEe, at distances from zero proportional to theii atomic 
weights, each element occupying a fixed point upon tlie 
axis. At this point an ordinate is drawn, which repre- 
sents the atomic volume of the given element. The 
curve which joins the eXtremitieB of the ordinates repre- 
sents, therefore, the variations of the atonoio volumes. 
From Uie absence or imcertainty of the data relative to 
cert^n gaseous or other little studied elements, it has 
been impossible to give the entire curve. In particular 
an important gap is visible between didyminm and tan- 
talum, and in other places dotted lines are iised, where 
certain unknown atomic volumes are interpolated.' 
This being granted, the graphic construction shows at 
once that the variations of the atomic volumes (and 
couseqaently of the densities) are periodic. Starting 
from lithium, the curve sinks till it reaches a mini- 
mum which corresponds with boron ; it then rises, 
attaining a second maximum with sodium. At this 
point it descends again, then rises to a third maxi- 
mum with potassium, and so on. Now it is proved 
that the position occupied by the elements upon this 
curve is in relation with their physical and chemical 
properties. 

In the first place, as lar as the densities are con- 

' The atomic volnraes of elements nay be Indirectly determined 
by dedoung them from the molecnlar volumes of their llqnid or 
solid compoimdE (see Chapter Til.) 
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cemed, it is evideDt, from the very principle upon wMcb 
the curve is constructed, that the light metals (possee- 
sing considerable atomic volnmes) should occupy the 
maxima, and the heavy metals (possessing low atomic 
volumes) the mini in a ; but the fact which particularly 
demands our attention is that, with atomic volumes 
sensibly identical, two metals may possess very different 
properties, as they are situated upon the ascending or 
descending portion of the cmre. 

The diictility, fusibility, and volatility of elements 
are related to their atomic weights, and are subject 
to periodic variations with the increase of their atomic 
weight. The light metals, which occupy the summits, 
or the immediately succeeding descending portion of the 
curve, are ductUe. The heavy metals, occupying the 
minima, or the ascending portion near the minima, of 
the curve, are partially ductile in the fourth, fifth, and 
SLxtb groups.' Take, for example, the fourth, which com- 
prises the elements placed, from the progression of their 
atomic weights, between potassium and rubidium. The 
light metals, potassium and rubidium, which stand at 
the top of the curve, are ductile. A decrease should be 
obeerved in the ductility of the elements placed upon 
the descending branch, till at the bottom we meet with 
brittle metals, such as vanadium, chromium, and man- 
guiese. From iron, which follows, the ductility in- 
creases with the elements which occupy the minima, or 
the immediately succeeding ascending branch. Ductile 
copper is the last of this ascending series. With 

' The three first gronpe only contain heavy metals. 
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gallium the dactillty again decreases ; arsenic is 
brittle. 

Thus we see that in the fourth group of elements, 
while the density increases and diminishea regularly 
with the increase of the atomic weight, &om potaseiam 
to rubidium, the ductility diminishes and int^reases 
twice. Thus the Tariatione of ductility ezt«nd to two 
groups instead of one, as is the case with density. It 
also appears that elements which have evidently the 
same atomic volume, such as chromium and copper, 
vanadium and zinc, differ to a striking extent in duc- 
tility. Yanadinm and chromium, situated upon the de- 
scending branch of the curve, are brittle ; copper and zinc 
are ductile, though in a different degree. And since we 
have drawn attention to the elements ranged in group 
IV between potassium and rubidium, we may remark 
that there was a considerable gap between zinc (Zn 
= 64*9) aud arsenic (As=74'9). It was here thatMen- 
delejeff placed his ' ekaluminium,' which is the gallium 
of Lecoq de Broisbaudran. 

From the place of this element, between zinc and 
arsenic, though nearer to zinc, Mendelejeff was able to 
predict that its density would be about 5*9. Now 
Lecoq de Boisbaudian has found it to be 5-96. From 
the place occupied by gallium in the third vertical 
series on p. 159 the eminent BuBsian chemist was able to 
discover a connection with aluminium, which is found 
to be correct ; thus gallium oxide resembles aluminium 
oxide. 

We should be exceeding the limits which we have 
imposed upon ourselves in this treatise, if we gave &esh 
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developments and examples of the telationE which exiBt 
between the atomic weights and other physical proper- 
ties. It muBt suffice to say that fasibllity and ductility 
are, with the progresBion of atomic weights, subject to 
variations gimilar to those manifested by ductility and 
density. Crystalline form and expansibility by beat 
appear also to be dependent upon the atomic weights. 
Fizeau's careful researches upon the coef&cients of ex- 
pansion of a certain number of simple bodies ' is well 
known. The results obtained by the eminent physicist 
show that this coefficient increases and diminishes 
r^iulaily, as the atomic weight rises. Here, i^in, we 
observe the periodicity in the variations of properties, 
which is the striking characteristic of Mendelejeff's 
law.* 

The relations which exiat between atomic weights 
and specific heats were discovered by Dulong and Petit. 
We gave them on p. 124, observing that the atomic 
heats are not precisely identical, but that the law of 
Dnlong and Petit is subject to irregularities, and that 
the latter are in a certain measure due to the degree 
of impnrity, to the want of homogeneity in the solid 



' Ccmptet Ttndui, vol. liviii. p. 1126. 

' L. Meyet has illogtratod the inflaenoe of the atomic weigbta 
npon the ezpocsioTi bj heat in a table aimilar to that upon p. 1E9, 
bat in which the yertical series are bo disposed that the three last 
terms of the third group, Fe, Co, Ni, become the first of tile fourth. 
For these deTelopments vre refer our readeis to the excellent work 
of Lothar Meyer. The same chemist has pointed ont and discussed 
the relations which exist between the atomic weights and the coeffi- 
uentof lefrangibility, the condoctibilitj for beat and electricity. 
(Did medernea 2%e(yri^n der Chemie, Breatao, 18T7.} 
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bodieu, and to the variations to which the epecific heatR 
are eubject in a given body, according to the tempeta^ 
ture. But Lothar Meyer has remarked that the ele- 
mentB which only approximately obey the law of 
Dulong are generally those of which the atomic weight* 
as well as the atomic volumes are low. This is the case 
with carbon, boron, and silicon. 

Amongst the elements with low atomic weights 
which nevertheless obey the law of Dulong, must be 
placed, lithium, sodium, magnesium, and potassium, 
which, on the other hand, possess a high atomic volume — 
that is to say, their density is low. We are, therefore, 
led to conclude that the irregularities to which the law 
of Dulong and Petit is subject are not only due to 
the causeB which we have enumerated above, but are 
also related to the different volumes occupied by the 
ultinmte particles of bodies — that is to say, to the 
atomic volumes. Atoms which occupy the smallest 
volumes have a lower specific heat — ^in other words, re- 
quire a little less heat in undergoing the same varia- 
tions of temperature than the more ' voluminous ' atoms 
of other elementa. 

Be this as it may, Dulong and Petit were the firet 
to show that the specific heate of simple bodies aie 
dependent upon the atomic weights, for they decrease 
regularly as the latter increase. And here, it must be 
observed, the variation is not periodic. 

"We must point out one more relation which exista 
between the atomic weights and a physical property of 
bodies — the power, namely, of emitting luminous rays. 
In feet, Lecoq de Bolabaudian has proved that for 
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analogoos elements, such bs potassium, rubidium, and 
CEesium — calcium, strontimn, and barium — aluminiuin, 
gallium, and indium, the increase of atomic weight is 
proportional to the increase of wave-length, which 
corresponde with the spectral lines of each of 
these met^. This profound idea wag developed by 
the eminent chemist before the Chemical Society of 
Paris, but baa not yet received sufficient publicity. We 
can only give the statement, observing that it has 
received a most striking confirmation from the dis- 
covery of gallium, and that it was possible to calculate 
very exactly the atomic weight of this metal, with 
those of aluminium and indium, &om the position 
of the * corresponding ' spectral lines of these three 
metals. 

Such are some of the relations which exist between 
the atomic wei^ts and the physical properties of 
simple bodies. It is an important chapter, to which 
Mendelejeff and Lothar Meyer have contributed many 
valuable developments; and amongst the theoretical 
consequences which follow from the conception of the 
Russian chemist we may mention the following ; it 
contributes new elementa to the classification of simple 
bodies, and controls views founded upon other consider- 
ations. A few remarks upon this subject ^11 be 
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IV. 

In the table upon pp. 159, 160 the elements are ar- 
ranged in groups and series. The vertical columns 
are composed of elements which resemble each other in 
the whole of their properties, and especially in the nature 
of their compounds. The elements are there arranged 
in tamilies. If, with, the increase of atomic weights, 
the properties of elementary bodies are subject to periodic 
variations, then those elements constituting a period may 
be placed in one group, and since in each of these groups 
the properties are subject to analc^ous variations, the 
corresponding terms of each group may also 'be con- 
nected : a certain concordance or harmony will be 
observed in these * harTrionic ' or ' komologoits ' terms, 
irtuch will form a aeriea. In some of these series, if not 
in all, we shall find in the increase of the atomic 
weights that regularity which was pointed out at the 
commencement of this chapter. The resuli. of the pe- 
riodic law which considers the variations of properties 
in each group has therefore for a corollary a principle 
of classification or aeriaiion which establishes analogies 
of properties in each &mily of analogous bodies. This 
is an important &ct, and it is a circumstance worthy of 
remark that such varied and unexpected developments 
arise &om the simple idea of arranging bodies according 
to the increasing value of their atomic weights. This 
simple idea was a most important one.' 

The horizontal groups contain, as we have seen, 

' It is tight to obaerre that MeadelejaS's idea is somewhat atutlo- 
goos to an idea long ago promulgated bj De ChaDconrtois. 
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groups of elements in which the physical properties are 
subject to periodic vamtions. We must now proceed 
to show how their ohemiccd propeitieB are gradually 
modified from term to term. 

In the first place this is the case with the ' electro- 
chemical* character of elements. The variationB to 
which the electro-chemical properties are dttbject itom 
one term to another, and which were given for the first 
and second groups upon p. 156, appear also in the 
other groups, except that in some of these groups the 
variations from the first term to the last pass through 
two periods instead of one. This, for example, is the 
ease with the group which commences with potassium 
and for that which commences with rubidium. Thus 
after potassium we have the electro-positive metal 
calcium, after which the electro-negative character 
appears in titanium, vanadium, and chromium. With 
manganese and iron the electro-positive character is 
again seen, becoming more pronounced with nickel and 
cobalt. This is also the case with the group which 
commences with electro-positive rubidium, and is closed 
by palladium, also electro-positive. 

On the other hand, the group which commences with 
silver, an electro-positive metal, finishes with tellurium 
and iodine, both electro-negative. 

The electro-chemical character of elementary bodies 
exercises some influence upon their power of combina- 
tion with difierent elements. It is worthy of remark 
that those metals which are strongly electro-positive 
have great tendency to ' form with electro-negative 
oxygen the simple and generally stable compounds of 
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the protoxides. The higher d^eea of oridation are 
rare and unstable. The contrary is the case with the 
electro-negative metals and metalloids ; here the 
d^jees of oxidation are numerous, and the higher terms, 
very rich in oxygen, form powerful acids. 

Again, the nature of the compounds formed by 
the elements with electro-positive hydrogen increases in 
simplicity as the electro-negative character of the 
element becomes more pronounced. Hydrochloric, 
hydrobromic, and hydriodic acids may be quoted as 
examples. 

As a general rule, in considering the power of com- 
bination with a given element possessed by the simple 
bodies which form part of one group, we observe a regular 
gradation, to which Mendelejeff has called attention. 
Without repeating the facts mentioned on p. 157, we 
may here remark that the capacity of combination 
with oxygen possessed by simple bodies increases regu- 
larly with their atomic weight to a certain point, after 
which it b^ins to decrease again. That such is the 
case will be seen fi-om the following table, which contains 
some oxygen compounds of the different elements. 
Obaerve that the vertical series here correspond with the 
horizontal Beries of the table given on pp. 1 59, 160. It 
is also important to remark that, with a few exceptions, 
comprising the peroxides, the oxygen compounds quoted 
here are the richest known : they therefore show the 
limit of the capacity of combination with oxygen 
possessed by the elements. 
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To make the prc^^esBion Id the power of combinatioii 
of elements with o^gen clear, the formulEe of the oxidee 
have heec doubled in the flecond, fourth, and sixth 
horizontal series. This progression is at once seen upon 
glancing at the vertical series ; but we also find that it 
attains a marimum at about the seventh or eighth 
term, after which we notice a diminution in the rich- 
ness of o^gen. It appears, therefi)re, that the capacity 
of combination with oxygen possessed by simple bodies 
forming part of a given group passes through varia- 
tions similar to those noticed above (p. 157) in con- 
nection with the compounds formed by tiie simple 
bodies of the first and second groups with oxygen, 
chlorine, and hydrogen. The periodic law is here again 
evident, as with the physical properties. 

We must, in conclusion, notice one more peculiarity 
referred to by Mendelejeff. 

The composition of the hydrates is naturally con- 
nected with that of the oxides. If, as is allowable, w6 
regard the hydrates of the well-marked oxides as com- 
binations of simple bodies with OH (hydrdzyl) groups, 
we observe that two hydroxyl groups correspond to each 
atom of oxygen in an oxide, thus — 

Ca"0 + H,0 = Ca'COH),. 

This notation is now in general use ; hut Mendelejeff, 
who was one of the first to use it,' remarks that the 
number of hydroxyl groups which a simple body 
has the power of fixing appears to be determined by the 
number of hydrogen atoms contained in its hydrogen 
compound, ot again 1^ the number of ethyl groups con- 
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tained in the ethyl compound. Thus, to take an 
example from the sodimn group, the electro-negative 
elements of this series follow each other in the following 
order : Bilicon, phosphorus, sulphur, chlorine. Now, 
we find that their most stable hydrates contain as many 
faydrozyl groups as their hydrides contain atoms of 
hydr<^eD and their ethides ethyl groups. 

HjdnMs. Hfdrldn. Btli^idet. 

Si(OH), SiH, SiKt, 

PO(OH), FH, PBt, 

SO,(OH), 8H, SEt, 

cio,(OH) cm caEt. 

These developments are sufficient, and we muet 
conclude. It clearly results from the above that the 
most important, physical properties and the fundamental 
chemical properties of simple bodies stand in some 
relation to their atomic weights: they are a 6iuc- 
tion of the atomic weights. This is the result of general 
investigation, and, in spite of the uncertainty which 
Btm reigns as^ to the precise manner of this function, 
and notwithstanding some objections or impeifections 
of detail, we may say that the principle indicated by 
the Russian chemist will henceforth fiimiah one of the 
basea of chemical classification. ■ Now, it is evident, in 
conclusion, that the relations in question would not 
appear, and the principle which connects them could 
not have been formulated without the adoption of the 
present system of atomic weights. These relations 
would have remained hidden or obscnre had the attempt 
been made to deduce them from ' equivalents.' I lay 
stress upon this point of view, and remark, finally. 



vGoogIc 



176 THE ATOMIC THEORY. 

that the discoveries of the emiQent RuBsiaa chemist 
fumish a strong argument in favour of the new system 
of atomic weights. Mendelejeff himself speaJcs very 
decidedly upon this point. These are his own words :— 
* Our conceptions upon atomic weights have latterly 
acquired such solidity, especially since we have applied 
to them the law of Avogadro and Ampere, and since 
the works of Laurent, Crerhardt, Regnault, Rose, and 
Canoizzaro, that we may confidently affirm that the idea 
of atomic weights — that is to say, the smallest quantity 
of an element contained in a molecule of its combina- 
tions — will continue without alteration through all the 
variations to which chemical theories may he subject.' ' 



We must now consider the new system of atomic 
weif^ts as furnishing new elements in the classification 
of simple bodies. The principle of thjs clasgifieation 
will be that of the natural method : each group must be 
compoeed of bodies which resemble each other in their 
chemical properties, in the nature, form, and functions 
of their principal compounds. Simple bodies belonging 
to the same family or series form similar compoundsji 
and the atomic weights attributed to these simple] 
bodies should be such that the similar compounds may/ 
receive analogous formulse. This side of the question 
has ah^ady been touched upon in the precedii^ 
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chapter, but it will be useful to return to it and to bring 
forward a few more ptoo&, drawn from purely chemical 
condderatious, in favour of the system of atomic weights 
BOW generally adopted. 

Arsenic and antimony are two closely related ele- 
ments ; their sinular compounds should therefore re- 
ceive analogous formula. Oerhardt iras right in halving 
the atomic weight which had previously been attributed 
to antimony, the chlorides, oxides, and sulphides of these 
two simple bodies thm receiving the formulae — 



4»ca, 


BbC!, 


4»,0. 


Sb,0, 


i^O. 


S1>,0, 


i^8. 


BbJ3„ 



which notation demonstrates the analogy of tliese com- 
pounds. 

There is no difference of opinion upon this point, 
which, however, cannot be said for the double atomic 
weights which Cannizzaro has attributed to certain 
metals in order to make them agree with the law of 
Duloag and Petit, and also with the law of gaseous 
densities. 

We remarked above that Berzeliua had represented 
all protoxides by RO, while Crerhardt attributed to them 
all the formula B^O. It is now admitted that there are 
two classes of protoxides. The first, R,0, are formed of 
two atoms of metal and one of oxygen ; the second con- 
tain a single atom of metal and one of oxygen. Now, is 
snch a distinction founded upon a chemical basis, and 
are we authorised in separating the alkaline metals, to 
which may be added silver and thallium, which all form 
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protoxides, BjO, &om the metals of the alkaline earths 
and BO many others fonning protozidee ? 

This classification is proved to he quite legitimate 
jrom the special character of the alkaline metals, which 
form a number of isomorphous and characteristic com- 
pounds. 

Silver has been correctly classified with the alkaline 
metals. We may remind our readers of the isomorphism 
of anhydrona Hodiiim sulphate and silver sulphate. We 
would also draw attention to the fact that in the alums 
and the double sulphates of the magnesian series, 
SOjE" + S0^M,' + 6H,O, potassium may be replaced by 
sodium and ammonium, but not by calcium or barium. 

Cream of tartar or acid potassium tartrate is easily 
saturated by sodium carbonate or by ammonia, and the 
mixed salte which are thus obtained — double potassium 
and sodium tartrate, and double potassium and am- 
monium tartrate — are as definite and stable as the 
neutral salt of potassium. If, on the contrary, cream 
of tartar is saturated with chalk, the result is a very 
unstable compoimd, which bears no resemblance to the 
sodio-potassium tartrate and othen of that class. 

The following is a peculiarity of the same kind and 
equally characteristic. The alkaline metals, or rather 
the alkaHne bases, have a marked tendency to form acid 
salts with the dibasic acids. The acid sulphates, car- 
bonates, oxalates, and tartrates of potassium are very 
well defined, and relatively stable salts. The acid salts 
formed by the alkaline earths are, on the contrary, but 
few in number, and when we do meet with them they 
aie very unstable and are decomposed by water. Thus 
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there is no acid oxalate of calcium, and the acid oxalate 
of barium, which has been described, is so unstable that 
it cannot be dissolved in water. 

It appears from these facta that the alkaline metals 
and the monovalent metals in general form a perfectly 
distinct group, and we shall find that the bivalent met^ 
are equally well characterised by certain properties. 
Two atoms of chlorine or two residues of monobasic acids 
are required to saturate them. They can fix at the same 
time two different monatomic elements or two residues 
of different acids, and their capacity of combination 
accounts for the existence of compounds analogous to 
the following : — 

>Hg:" >St" >Ba" >Pb"^ 

K NO,/ NO,-/ a/ 

Uerciuy Dbloro- Bkontjimi Su-ioiu nceto- Flumblc Koeto-cUoi- 

lodlde. acetonltiate. nttnte. bjdrlo- 

The argument derived from the existence of these 
mixed compounds in favour of the existence of bivalent 
metals, and, consequently, of the duplication of the 
atomic weights of these metals, is of the same order as 
that which was formerly drawn by Liebig from the con- 
stitution of the sodio-potassium tartrate in favour of 
the dibasicity of tartaric acid. 

This group of bivalent metals is further distinguished 
by the tendency which is shown by theii oxides to form 
dibasic salta. This, as is well known, is espeoially ihe 
case with the oxides of copper and lead. 

The duplication of the atomic weights of calcium, 
mi^esium, and lead enables us to represent in a very 
simple and striking manner the constitution of certain 
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minerals belonging to the wagnerite and apatite group 
(see p. 139). 

Take, for example, the latter mineral. It is gene- 
rally represented as formed of 3 molecules of ordinary 
phosphate of lime and one molecule of calcium fluo- 
ride. Thia formula agrees with analyeia, hut it would 
be extremely difficult to demonstrate, on the dualiatic 
theory of salts, the existence of such an unusual com- 
bination. If, however, we regard calcium as a bivalent 
metal, capable of replacing two atoms of hydn^n in 
phosphoric acid, we shall see that the presence of an 
atom of fluorine or chlorine is necessary to saturate the 
remaining affinities. Three molecules of ortho-phos- 
phoric acid, POjHj, contain 9 atoms of hydrogen. If we 
add 4 atoms of calcium, 8 atoms of hydrogen only 
are displaced and the acid is not saturated. If we add 
5 atoms of calcium, the presence of which is attested by 
analysis, there will be an excess of calcium, for the fifth 
atom of this metal, only finding one atom of hydrogen 
to displace, will not be saturated : the atom of fluorine 
comes in to complete the saturation. The following 
formulae will explain the comlnnation from this point of 
view: — 

(PO,),H, (PO,).{g'." CfOA{5?;.,y 

J molecnla <rf pb«' ObIoEdid phoephato non- Ap»tilte. 

pborto Ada. utatAt«d. 

In a great number of other compounds chlorine plays 
the part taken by fluorine in wagnerite and apatite. 
This is the case in the combinations described by Carina 
under the name of plumbic aceto-chlorhydrin, aceto- 
bromhydrin, and aceto-iodhvdrin (p. 179). 
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Plumbio aoeto-lodh^^ln. 

I liave drawn attention to one more argument in 
&vour of the dnplication of atomic weights, and con- 
sequently of the bivalency of certain metak. In 
Gerhardt's notation the formulje of a large number of 
hydrated salts had been so arranged that each molecule 
of the anhydrous salt contained a half-molecule or 
an uneven number of half-molecules of wat^r. This 
inconvenience is removed if the atomic weights of the 
metals contained in these salts are doubled. I have 
given upon p. 463 of vol. i. of the ' Dietionnaire de 
Chimie pure et appllqu^ ' a number of examples in 
explanation of the argument in question ; but I must 
confess that for two reasons I now attribute less im- 
portance to this argument. 

In the first place there are exceptions, for we find 
salts containing bivalent metals, a molecule of which 
crystallises with a half-molecule or an uneven number 
of half-molecules of water, so that if we wished to 
represent the water of crystallisation by entire molecules, 
we should have to take two molecules of the anhydrous 
salt. 

In the second place, we must not foiget that the 
smallest quantity of s crystal is a different matter to 
the smaUest quantity of a salt — that is to say, a ipolecule 
— and we may well imagine that in the formation of a 
crystal 2 molecules of a salt may unite with 1 molecule 
or with an uneven number of molecules of water. We 
shall, however, presently discuss the water of crystallisa- 
tion. 
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It appears from the above discussion, that chemical 
analogies, in agreement with the law of specific heats, 
the law of gaseous deDsities, and the law of isomorphism, 
authorise us in doubling the atomic weights of a great 
number of metals. The compounds of these metah 
receive, therefore, special formulEG, similar to those which 
were formerly given to them bj Berzelius, and differing 
from those which we now attribute to the corresponding 
compounds of the alkaline metals. In fact, the com- 
pounds of the metals, whose atomic weights have been 
doubled, and which we call bivalent, may be placed, 
as r^;ards their molecular complication, between the 
corresponding compounds of the alkaline metals and 
silver, and those formed by the sesquioxides. 
For example :— 



0::iiies. 


HydraCea. 


Chlorides 


KItratea. 


Sulphites. 


K,0 


K(OH) 


KCl 


NO^ 


SO.K, 


Ag,0 




AgCl 


NO.Ag 


SO.Ag, 


CaO 


■ Ca'{OH). 


Ca"Cl, 


<NO,),Ca" 


80,08" 


PbO 


Pb"(OH), 


Pb"Cl, 


CNO,)Pb" 


SO,Pb" 


Sb,'"0, 


Sb"'COH>, 


Sb"'Cl, 




(SO.).Sb," 


Bij^O, 


Bi'"(OH). 


Bi-'Cl, 


CNO,).Bi"' 


(SO.),Bi," 



The formulte of the sesquioxides and the oorre- 
spondit^ compounds are universally admitted, but some 
chemists refuse to adopt the notation which expresses 
the diatomic natiu'e of certain metals. It complicates, 
they say, the demonstration of the science. Certain 
formulae would undoubtedly gain in simplicity if we 
adopted for the metals in question the halved atomic 
weights ; but are we justified in misrepresenting reac- 
tions and ignoring the most evident analogies under 
the pretext of simplicity ? The universal acceptance 
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of the notation in question, as regards organic oom- 
potrnds, shows emphatically how natural and correct it 
is as regards mineral compounds. This point deserves 
explanation. 

We represent the action of hydriodic acid upon the 
hydrates of potassium and lead by the following equa- 
tions: — 

K(OH) + HI - EI -I- H,0 
Pb"(OH), + 2HI - Pbl, + aH,0. 

It would be simpler, they say, to halve the second by 
halving the atomic weight of lead,* and to write — 
iV(OH) + HI - PW + H,o. 

The latter would unquestionably be simpler, and 
strictly equivalent to the former. But it is an impor- 
tant fact that the formula Pb"(OH), and the equation 
in which it ia given enable us to trace an interesting 
connection and demonstrate an evident analogy — that, 
namely, which exists between the hydrates of mineral 
chemistry and those of oi^anic chemistry. These 
hydrates of potassium and lead correspond to the 
hydrates of ethyl and ethylene, and the action of hydri- 
odic acid upon the latter hydrates is represented by the 
following equations : — 

C^<OH) + HI = C^^ + H,0 

BUlJl bjidr«M Btlijl 

(dooliol). iodide. 

C^,"(OH), + 2HI - C,H,I, + 3H,0 

BtbjiBDB dihjdnte BOiTleDe 

(gijoali- iodide. 

Who would now think of halving the latter under 
' Pb . 206*i Plf - 103-a. 
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the pretext of rendering it more simple and exactly 
comparable to the firet equation ? 

B^thelot himself, who upheld this antiquated 
ai^ument, could not consent to write — 

CH^OH) + HI = CH,I + H,0 

Ettayleos BUijlene 

lijdra**. iodiae. 

It is generally admitted by chemists that the 
ethylene compomids should, to a certain extent^ 
rank between the ethyl compounds and the glycerine 
compounds, and that the series to which they belong 
increase in complication, es may be seen from the 
mineral compounds given in the preceding table. We 
have a curious connection and an evident parallelism 
between the mineral and organic oxides, hydrates, 
ehlorides, and salts. 

OiidH. HTaiBtes. OhloildH. AutHtes. 

(C(H.'),0 C^i'.OH CA'Cl C^i'.C^.O, 

BthjlOHde. Ethyl SrdiBte. Ethyl cMoridB. Ethjl soetite. 

CC,H.")0 C,H,"(OH), C^.".C1, C,H,"(C^,0,), 

Ethylene oiide. Bthylena hydnte. Xthrlem cUorida. BUiylms ■cstatd 

{glycol). 

C^H/'COH), C,H,"'.C1, C,H,"'CC^,0,), 

QlyosTTl hydntfl Olyoery] ohlorlde Oljceryl aoatAbe 
(glyosrlne). (trfcUortijdrbi). (tritustlii). 



It is also worthy of remark that the reactions which 
produce these compounds or by which they are trans- 
formed also show a regular gradation and increasing 
complication. Take, for example, the action of potash 
opon the mineral salts and upon the ethers we have just 
mentioned. It brings into play one, two, or three 
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molecules of alkali, and produces mineral and o^;aiiic 
hydrates, which are exactly comparable to each other, as 
r^arda the degree of hydration. Thus, potash reacts 
in the following manner upon the metaUio nitrates ; — 

NO^ + KOH = HO,K + ^OH ' 
(NO,)^" + 3K0H - 2N0,K + Pb'COH), 
(NOiJiBi'" + 3KOH = 3N0,K +Bt'"(OH),. 

The Becond reaction naturally takes its place between 
the first and the third reactions. 

In oi^ianic chemistry we meet with a similar gra- 
dation. When potash reacts upon the ethers, one, two, 
or three molecnles of alkali take part in the reaction, as 
in the preceding case, accoiding to the more oi less 
complex nature of the ether :^— 

0^,0^0^' + KOH - CAO,-K + CJH,'(OH) 
Bth^ Bcetato. FotuelDiIi BOeUtg. AloohoL 

(C;a,0,-)fi^," + 2K0H - 2CC^,0rK) + C,H.''{OH), 
BthTlens acetate. FobiBsliim aostaM. Etbrleoe dlbydiata 

(glyool). 
(C^.O.VC^,'") + 3K0H = 3(C,H,0,.K) + C,H,'"COH), 
QljceiTl SiitBuUM PotBBahon tuxtale. Qlyseiyl trlhjdnite 

In these mineral and organic hydrates we see that 
the number of the groups (OH) which marks their 
degree of hydration increases regularly, just as the 
atoms of chlorine increase in the corresponding chlorides. 
Again, the chlorides and hydrates of the second class are 
necessarily and naturally intermediary between the first 
and third class. It is, therefore, an incontestable iact 
that these compounds, and the reactions which give rise 
' Since alver hfdrate does not eidst, tlie eqnaUoo must be written — 
2N0^+2K0H-2NO^+Ag,O + H,O. 
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to or modify them, differ in their form. Chemistry 
woidd be a very aimple science if this form were the 
same for all compounds, and if all reactiona were, to 
some extent, cast in the same mould. The system of 
atomic weights, which is now generally adopted, shows 
that there is a regular gradation in these forms of com- 
bination and in these reactions, wid brings to light the 
harmony which exists between the reactions of mineral 
chemistry and those of oi^anic chemistry. It is the 
last argument which we add to all those which we have 
already adranced in favour of this system of atomic 
weights. 
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CHAPTEB VII. 

ATOMIC AND MOLECCLAK TOLUMEa. 

Bt the term atomic volumes of simple bodies is 
meant the volumes occupied by quantities of these 
bodies proportional to their atomic weights, and by the 
' term molecular volumes of compound bodies, the vo- 
lumes occupied by quantities of these bodies proportional 
to their molecular weights. 

To determine the relative volumes occupied by atoms, 
we have only to divide the atomic weights by the weights 
of the unit of volume — that is to say, by the densities. 
The atomic volumes are the quotients of the atomic 
weights by the densities; the mtjleoular volumes, the 
quotients of the molecular weights by the densities. 

If matter were continuous, these quotients would 
give the tnie volumes occupied by atoms relatively to 
the volume of one of them taken as unity. But this is 
not the case. 

The ultimate particles of bodies do not touch each 
other; they are separated by relatively lai^ spaces. 
They move in ether, and in gaseous bodies their distance 
apart is immense in proportion to their size : it is very 
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considerable in solid and liquid bodies. The space 
occupied by the unit of volume of bodies is therefore far 
from being filled by the atomic substance itself; it com- 
prises a portion of ether probably considerable. In 
other words, the conception of the density of bodies 
comprises two distinct but inseparable elements— 
namely, the ultimate particles which we t«rm atoms or 
molecules, and the interatomic or intermolecular spaces. 
This remark will show the exact meaning which must 
be attached to the expressions * atomic volumes ' and 
' molecular volumes.' 

If the molecules were situated at equal distances in 
the different bodies, it is clear that a given volume of 
the latter would contain the same number of molecules ; 
the molecular weights would be proportional to the' 
densities and the molecular volumes uniform. This is 
the case with the gases. We admit that they do 
perceptibly contain, in a given volume, the same num- 
ber of molecules ; the relative weights of the latter are 
proportional to the densities. But it is different with 
solid and liquid bodies. Their molecules are situated 
at varioiu distances, not only in different substances, 
but sometimes in the same body. Thus their coefficients 
of expansion are very different, and, moreover, vary for 
a given body, according to the temperature and physical 
condition of that body. This unequal distribution of 
molecules in solid and liquid bodies makes it impossible ■ 
to discover a simple relation between the molecular 
weights and the density, like that which we have just 
mentioned in connection with gaseous bodies. 

As regards liquid and solid elements, we know that 
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very wide limits must be assigned to the variations of 
their densities. 

The lightest of metals, lithium, has a density of 0-59 
and weighs 39 tim^ less than the same volume of ham- 
mer-hardened platinum, the density of which is 23. 
These densities, moreover, vary according to the physical 
condition of the hody, so that it is impossible to com- 
pare the densities of liquid and solid bodies, of amorphous 
and crystallised bodies, of bodies solidified after fusion 
and bodies beaten and hammer-hardened after solidifica- 
tion. In order to draw any comparisons from the atomic 
volumes of simple bodies and the molecular volumes of 
compound bodies, we must, therefore, calculate the 
densities under similar conditions — namely, foi liquid 
bodies, at equal distances from their points of ebullition, 
as Hermann Kopp recommends ; and for solid bodies, as 
much as possible at equal distances from their points of 
fusion. 

We will now proceed to give a brief account of the 
result of this work and of all the facts which have been 
collected with regard to the relative volumes occupied 
by atoms and moTecules. We shall confine ourselves to 
general results, referring our readers to special works for 
numerical data and details. 

The limits within which the atomic volumes of 
simple bodies vary are less considerable than in the case 
of densities, though still very wide. MendelejefF has 
shown that these variations are a periodic function of 
their atomic weights ; for if the elements are arranged 
in the order of the progression of their atomic weights, 
their atomic volumes increase and decrease periodically. 
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We have diecuBeed tbts point at Bome length, and will 
not, therefore, return to it. We will only add that the 
numerical values of the atomic volumee of simple bodies 
will be found in the table given upon pp. 159, 160. 

It appears from these facts that there must be a 
relation between atomic weights and atomic volumes. 
Of the precise nature of this relation we are, however, 
ignorant. 

Dumas has remarked that certain simple bodies 
belonging to the same family have almost the same 
atomio volumes. This is the case with the following 



1 Atomio Tolmn« 


Atomic Volnmea 


Atomio Tolomaa 


Chlorine 28-6 
Broinme 269 
lodina 2B-B 


Solphilr IG-T 
Seleniom 16-9 

Telli^i^20-6 


Phoaphonu 13B 
Arsetdc 13'2 

Antimony 182 
Biamnth 211 



We see that tellurium, antimony, and bismuth only 
partially conform to this rule ; the following elements 
break through it entirriy : — 



Atomio VolmoM 


Atomig Vcdmnra 


Atomic Vslnma 


Carbon 3'6 
Silicon U-2 
Zirconium 21-7 


Lithiom 11-9 
Sodiom 2T'3 
Potaaaium 4G-4 
Bnbidimn S6-1 


CaldDm 26'« 
StTontiiun S4'9 
Barinm 38-B 



We owe all our accurate information upon the 
molecular volumes of compound bodies to the extensive 
researches of Hermann Kopp, who devoted his attention 
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principally to the molecnliir volumea of liquid bodies. 
The results of these lesearchee may be summed up in 
the following propositions, which apply especially to 
otgamc liquids. 

1. The molecular volume of compounds is expressed 
by the sum of the atomic volumes occupied by the 
elements. 

2. In compounds possessing a similar atomic com- 
position, the same element always possesses the same 
atomic volume. The latter being determined for every 
simple body, it follows that the molecular volume of a 
compound may be calculated if the atomic composi- 
tion is known. 

3. In compounds possessing different atomic struc- 
tures the same element may occupy two different 
volumes. Thus, to borrow an expression &om the 
theory of types, the atomic volume of oxygen differs 
with its position either as contained in a radical, or 
situated without that radical, in the state of typical 
o^^gen. Nitrogen possesses a different atomic volume, 
accordiog as it is contained in a compound derived from 
the ammonia type, combined with carbon as in cyanogen, 
or united to oxygen as in nitrous vapour. 

Hermann Kopp succeeded in determining the atomic 
volumes of carbon, hydrogen, oxygen, nitrogen, &c., by 
means of ingenious considerations which we shall briefly 
describe as fallows. 

1. In comparing the molecular volumes of organic 
compounds, which differed from each other only by 
TiCHp he found that for each addition of CH, the 
average increase of the volume of the molecule was 22. 
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We may therefca« conclude that this number expresses 
the Tolnme of one atom of carbon and two ctf hydrogen 
— that is to say, the volume of CH,. 

2. Two o^ianic compounds which difier &om each 
other by the addition of mC and the loss of tiH, possess 
the same molecular Tolome. We may, therefore, 
conclude that G occupies the same volume in those com- 
pounds as Hg, and as the molecular volume of GH, is 22, 
it follows that the atomic volume of carbon is 1 1 and 
that of His y = 5-5. 

3. The molecular volume of water at boiling point 
is 18-8 (instead of 18). If we subtract 11, the volume 
of H„ we have 7*8 for the atomic volume of oxygen. 
According to Hermann Kopp, oxygen only occupies this 
volume in oi^;anio compounds when it is contained in a 
typical residue, to use the expressions of that time — that 
is to say, when it is connected with two different 
atoms which it unites, as, for instance, the two atoms 
of hydrogen in water. It occupies a different volume 
when it is contained in a radical — ^tbat ia to say, comlnned 
by its two pointa of saturation to the same atom of 
carbon as in aldehyde and acetone.' 

Aldehyde containing CjH,0 — that is to say, 2CH, + 
— the volume which ia here occupied by oxygen may be 
found by subtracting from the molecular volume of 
aldehyde (56 to 56-9) that of 2CH,=44. We thus 
obtain 12 to 12*9 as the atomic volume of oxygen 
when contained in an oi^anic radical. 

Hermann Kopp adopts the mean 12-2. 

• ' The two fonns of oxygen compotmda are given in the follow- 
ing table, which will explain the distinction in question : — 
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Having thus calculated, hj means of the above con- 
siderations, the volumes occupied iu organic compouuds 
by the atoms of carbon, hydrc^u, and ozygeu, the 
eminent chemist was able to calculate & priori the 
molecular volmnes of a number of ternary oi^anic com- 
pounds, by adding together the sum of the atomic 
volumes of the elements, in accordance with one of the 
propositions given above. The molecnlar volume of a 
componnd containing a atoms of carbon, b atoms of 
hydrogen, c atoms of oxygen in the radical, and d atoms 
of typicsl oxygen, may therefore be given by the 
formula — 

COUPOtnTDS COKTAININQ ITPIOAL OXTGBH. 

UsUiTl Uethfl EU17] BtbTl BUiTlaiw 

Water. brdnte. ailde. hjdtaCe. oiids. oude. 

?}» °^h}» §?;}<- "■¥}<> Sg}o 0^,0 

Gnutit^itunuil ForntuliE. 
CH, CH, CHjCH, CHjCH, CH, 



-CH, 



CH,— 



COHPOUNDS COKTAISIKO OXTOBN IS THE EADIOAL. 

Typical FiiTmvla, 
Aldehyde. Acetone. 

' C,H,0-| C,H,01 

H/ CH,/ 

Cm$tititti«nalIbrBiula. 
CH, CH, 

CHO CO 
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MV-a!l + *6-6 + <;12-2 + i7-8. 

The molecular volumes calculated in this manner 
have been compared with those deduced &om experi- 
ment, when the molecular weights are divided by the 
deoeities taken at boiling point. The agreement be- 
tween calculated and experimental reeults in a. great 
number of cases is sufficient to justify a seriom con^ 
sideration of Hermann Kopp's conclusions. 

Omitting the consideration of the tacts relative to 
the atomic volumes of other elements, such as sulphur, 
nitrogen, chlorine, bromine, and iodine, indirectly 
deduced ftom the molecular volumes of liquid com- 
pounds containing these elements, by means of pro- 
cesses similar to those just discussed, we must add a 
few words upon the molecular volumes of solid bodies. 
We must here confine ourselves to a few results regard- 
ing certain bodies endowed with a similar constitution 
and obtained under the same physical conditions. 

It is found that a great number of isomorj^ous 
bodies have the same molecular volume. This is the 
case with the sulphates of the magnesian series 
S0,M" + 7H,0, with the double sulphates of the sang- 
nesian series S0^M" + S0^R,+6H,0, and with the 
alums. It seems, however, impossible to calculate the 
molecular volumes of solid compounds by means of the 
atomic volumes from the principles laid down for liquid 
bodies. Here the data of the problem are different. 
In i»oof of this we may, in conclusion, refer our readers 
to the relations pointed out by Playfair and Joule 
between the molecular volumes of certain crystallised 
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salts and that of the water which they contain. We 
should suppose that the molecular volume of the cryatal- 
lised salt would be equal to the sum of the volumes of 
the anhydrous salt and the water. But it is not bo. In 
certain salts rich in water of crystallisation, such as the 
arsenates and phosphates which contain 1 2 molecules, and 
in the crystals of carbonate of soda which contain 10, the 
volume of thig water (taken as solid) is equal to the 
volume of the molecule of the crystallised salt, tie mole- 
cules of the anhydrous salts being as it were interposed 
between the molecules of water, without augmenting 
the volume of the latter. 
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ATOMICITY ; 
Oa TALKNOr OF ATOMS TS COMBHUTION. 



DEFINtTION AND HISTOBIC DBTELOFHENT OF TEE ISBA OF 
ATOMIOITT. 

In the ju'ecedlng pages we have traced the origin and 
foundation of the atomic theory. We have seen this 
simple and correct idea which was hrougbt forward 
by Dalton — namely, that the invariable proportions 
in which bodies combine represent the relative 
weights of their ultimate particles — gradually gain 
ground in science. We have explained the principles 
upon which the determination of these weights rests, 
as well as the physical laws by means of which these 
determinations are guided and controlled, thus render- 
ing to the hypothesis of atoms, which belongs to 



■V Google 



DEFINITION OF ATOMICITY. 197 

the department of cbemiHtry, assistance all the more 
unexpected and efficacious as coming from a different 
department of science. In concluding our explanation 
of the present system of atomic weights, we met with 
the idea that the ultimate particles of bodies, which we 
call atoms, do not all possess the same combining value : 
we saw that, while one atom of potassium unites with 
one atom of chlorine to form a chloride, an atom of lead 
takes two atoms of chlorine, and an atom of antimony 
three or even five. This difiference in the power pos- 
sessed by simple bodies of forming more (n- less complex 
combinations with another simple body must be con- 
sidered as a peculiar property, inherent in their ultimate 
particles, and in order to distinguish it from affinity, 
which implies the fwce of combination, it has been 
termed atoTnidty, which is synonymous with combining 
val/ue or valency of atoms. We must now show how 
this idea was firat introduced into science, the precise 
sense in which it must be accepted, and the consequences 
resulting from it which affect chemical theoites. 

These are fresh facte which give rise to fresh ideas. 
And the facts which are connected with the idea in 
question maybegivenas follows in their historical order, 
the unequal saturating capacity possessed by bases for 
acids, and the unequal satiu:ating capacity possessed by 
acids for bases. 

The first group of fects were long unknown. Berze- 
lius refused to admit the existence of sesqnioxides, 
capable of saturating 3 molecules of acid, when prot- 
oxides could only saturate one. Gay-Lnasac attri- 
buted to these sesquioxidea a constitution strictly 
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equivalent to that of the protondee, bo that one mole- 
cule of oxide (an equiralent) should saturate one mole- 
cule (an equivalent) of acid. Some time afterwards, 
when the existence of polyacid bases was admitted, 
though set aside with other facts whose theoretical 
signification was not considered, G-raham discovered 
polybadc acids. This discovery created a sensation 
and caused some difiScolty in the conception and defini- 
tion of equivalent quantities (see p. 76). Neverthe- 
less fifteen years passed hefoie the significance of this 
fact was recognised from the point of view now occupy- 
ing our attention. 

In the memorable work which was publishedin 1851 
upon etherification, and which marks a new era in the 
history of chemical doctrines, Williamson, generalising 
an idea first published by Laurent and gteny Hunt, 
bronght forward the proposition that a great number of 
organic and mineral compounds may be referred to the 
type of water. He held that such was the case with 
monobesic'acids and with the salts derived &om them. 
Acetic acid, for example, and potassium acetate were 
represented by the formulae — 

C,H,0\(, C^,0 



.o}o <y'.o}o. 



which are constructed upon the model of that of 
water — 

the radical GgHgO and potassium, K, taking the plaoe 
of an at^m of hydrogen. But the eminent English 
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chemist also perceived that polybasic acids, which are 
itot equivalent to the monobaEic, present a greater 
molecular complication, and.should be referred to a con- 
densed water type. Thua dibasic sulphuric acid was 
regarded as being derived from 2 molecules of water, 

i:}".. 

by the substitution of the radical SO, for two atoms 
of hydrogen. The fonnula of sulphuric acid becomes 
therefore, 

and the radical SO, here takes the place of two atoms 
of hydrogen. Williamson has written this in two lines, 
and how productive of developments has this idea been 
which was announced with such simplicity. Odiing, by 
an ingenious notation which is still in use, first marked 
this difTerence in the capacity for saturation possessed by 
the acetyl and sulphuryl radicals, by giving to their 
formulffi a different index — 

Aoetlo mU. Bnlphario ai^l. 

The idea that the substituting value of sulpliuryl is 
twice that of acetyl is clearly expressed in this notation. 
We here find the germ of the modem theory of radicals 
which underwent such important development* a few 
years later, and which has superseded tbe old concep- 
tions of Lavoiaier, Berzelius, and Liebig. This theory is 
still accepted, as well aa the notation by which it is 
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perpetuated and repreEjeuted,' though it ia now subordi- 
nate to a more general theory of which it appears bs the 
natural consequence. We must now trace this further 
development. 

In the first place we should notice that, on the oc- 
casion of his fine researches upon the organo-metallic 
compounds, Frankland called attention, in 18j ^2^ to the 
power which metals poasees of combining with a fixed 
and definite niunber of atoms. Thia idea, which was 
then new, formed the starting point of the theory of the 
saturation of elements and contains the germ of the 
theory of atomicity. 

In a note upon the theory of glycerine compoimds' 
the author showed that glycerine may he regarded as a 
hydrate of the radical C^H^ and its composition repre- 
sented by the formula ^ 'tt'^ [Og, which is similar to 
the formulae by which, in accordance with the ideas of 
Williamson, ordinary phosphoric acid, '• „ ' j Oj, ia re- 
presented. In &ct, the aeveral series of glyceric ethars 
are comparable to the several series of ordinary phos- 
phatea or orthophosphates." This radical, (CjH()"', which 
can replace 3 atoms of hydrogen, is formed by the sub- 
traction of 3 atoms of hydrogen from the saturated 
hydrocarbon CgH,. Starting &om this fact, which was 
then acknowledged aa true, and has not since been 

■ The fonnube C^,O.OH and SO^OH)^ now in general nse, are 
only a variatioo of Uiose oaed Ijy WiUiainson. 

* Ann. de Chimie et de Phyt., 8* s^. t. sliii p. 192. 

' And not, as was stated by Berthelot in Ms remarkable menuiii', 
to the pluvpliates, i^rrophoBphatea, and metaphosphatea. 
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invalidated by any fresh iacta, that those hydrocarbonB 
which are richest in hydrogen belong to the series 
C„H,„+^ among which we find the hydrocarbon CjHj 
(propane), the author has derived the radical C^Hj from 
that hydrocarbon by the subtraction of 3 atoms of hy- 
drogen. He proves that the radical CjH,, which can 
replace one atom of hydrogen, comes from the same 
hydrocaiboD by the loss of a single atom of hydrogen. 
The subtraction of an atom of hydrogen developea a 
force in this residue GjH„ in virtue of which it is im- 
pelled to combine again with this hydrogen atom of 
which it has been deprived, or with some equivalent to 
it, and, on the other hand, this same force makes it ready 
to supply the place of an atom of hydrogen wherever it 
is wanting. Again, the loss of three atoms of hydrogen 
creates in the residue C^(=CgHg-Hj a force by which 
it isready to replace three atoms of hydrogen. Glycerine 
is produced in this manner, by the substitution of such 
a radical for three atoms of hydrogen in the type of 
three condensed molecules of water. 



i:}°- 



Gljcsrisc. 



The author has even gone further. He supposed 
that the five atoms of hydrogen were divided in the 
following manner among the three atoms of carbon 
[CjH,= CH,-CH-CH,], which to my knowledge is the 
first attempt that was made at such a distribution of 
atoms in a radical^ It resulted, however, in nothing, 
being a simple supposition. It was some years after- 
wards that Kekul^ showed the nUing princii^e by which 
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snch dietribations of atoms may be conducted in a 
rational manner. 

There was a gap between the ' monobasic ' radical 
(CjH,)' and the ' tribasic ' radical {CJl^)'", which the 
author was discuBBing, The reBidue CjH^ obtained by 
the subtraction of two atoma of hydrogen from the hydro- 
carbon GgHg, should po^esa a substituting or combining 
value eqxiivalent to these two atoms of hydrogen. This 
proved to be the case from the study of Dutch liqdid and 
its analogues, which r^ulted in the discovery of the 
glycols. This residue or radical OjH^ is propylene, and 
can replace, like its homologue ethylene, two atoms of 
hydrogen in two condensed molecules of water. The 
bodies poasessing this constitution are the glycols. 

H./"' E,r' K,J^' 

These ' diatomic' radicals, as from that time 
they have been called, can also combine directly with 
two atoms of chlorine or bromine, as the Dutch che- 
mists showed at the end of the last century. The author 
has remarked that the phenomena belong to the same 
class as those presented by the direct combination of a 
metal with chlorine or bromine. 

Thus the substituting value marks the combining 
value. There is a connection between the two, and 
ethylene, which can replace 2 atoms of hydrogen, can 
combine directly with 2 atoms of chlorine or bromine, 
or, again, with 2 atoms of hydrogen (Berthelot) or their 
equivalent. In the same manner the radical sulphuiyl 
(SOj)", which can replace 2 atoms of hydrogen in 2 
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cond£3iBed moleouleB of water (p. 199), can also com- 
bine with 2 atoms of chlorine to form sulpburyl 
chloride (SO, )"Cl,(Eegnault). The radicals of mineral '~~^ 
and organic chemistry possess, therefore, as fiir as their I 
combining or subBtituting value is concerned, all the i 
attributes of simple bodice. This BubBtifcuting value 
of radicals, correlative with the combining capacity, 1 
has received a definite name: it was then, and is i 
still, called ' atomicity.' We shall aoon extend it to the ■ 
elements themselves (p.' 211), of which the radicals, 1 
as just defined, are but in a measm'e the represents^ 
tives. 

I believe it is to Odling that the credit is due of 
having been the first clearly to enunciate the idea that 
the substituting or combining value of simple bodies is 
not the same. Ke attributed to ferric hydrat« the ^ 

fonniila u- |0^ caustic potash being represented by 
the formula jjjo. In the hydrate of seaquioside of 

iron the metal therefore replaces 3 atoms of hydrogen, 
while potassium in caustic potash only replaces one 
atom of hydrogen. 



Wtar. Potub. 



In hia memoir upon radicals* the author has given a 

' Ann. dt Ckim. et de Phyi. (3), t. ilrf. p. 307. The author cTcn 
pnqpoaed the hypothesis that (he phoaphoros in some uumner en- 
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similar formula to phosphorous acid, which he repre- 

Bented as jr [Oj. 

Nitrogen has been represented as a tribasic element 
derived from the type of three condensed molecules of 
hydrogen. 



1.1 N-'J- N'") 



Oxygen and sulphur, the ' dibasic ' character of which 
was demonstrated by Kekule, were regarded as deriyed 
from a condensed type of 2 molecules of water. 



K 5} 



croached npon the 3 molecoles of water, as if an atom of phoephonts, 
P, were formed of 3 Eab-atoms p, — P, each of which would replace 
an atom of hydrogen in a molecule of water, the residues of the 
3 molecules of water, each of which woold have lost an atom of 
hydrogen, being thus Batnrated by the tribatU phosphorns. 



gjo 


h}" 


SJo 


h}° 


S)° 


h}° 



Pluvqplionna uM. 



The idea that the atom of triatomic [dlosphoniB is formed by the 
onion of 3 snb-atoms, has been variously developed. It was aban- 
doned by the author because he found that in pentachloride of phos- 
phorus and phosphoric acid the atom of phosphoma must be divided 
into 6 snb-atoms. The idea of types served as a basis for this idea, 
but we see at once how much it coDtribnted towards showing that 
elements have different substituting and combining valoes, and 
cansequently that their atoms are not mutually eqoivaletit. 
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Chlorine, on the contrary, and the elemente of that 
class, were, after Gerhardt, referred to the hydrogen 
type, 

H\ H\ cin 

H/ CT'/ a'f 

SydrogaiL Hj-droahlonD Ff« chlorine. 

Thus the elements which we have just mentioned 
were regarded as differing from each other in their aub- 
Btituting value, phosphorus and nitrogen replacing or 
combining with 3 atoms of hydrogen ; oxygen and sul- 
phur replacing or combining with 2 atoms of hydrogen ; 
while chlorine could only unite with, or replace, a single 
atom. 



II. 

The idea that hydrochloric acid was derived from 2 
volumes of hydrc^n by the substitution of 1 volume of 
chlorine for 1 volume of hydrogen, or, again, that it was 
derived from 2 volumes of chlorine by the substitution 
of 1 volume of hydrt^n for 1 volume of chlorine, was 
fundamentally a veij old one. Dumas had remarked as 
early as 1828 that in the combination of 1 volume of 
chlorine with 1 volume of hydrogen, a combination 
which produces 2 volumes of hydrochloric acid, the 
atoms of hydrogen and the atoms of chlorine seemed to 
be halved.' The idea was perfectly correct, though 
stated in words which made it erroneous. If Dumas . 

■ nnitt de Chimie appHquie aux Arti, t. L, Introdtictioii, p. 
xxxviiL Beizelins in his treatise enei^elicBllf protests against tbis 
idea of Dnmaa, which would have led the great French cheioigt. 
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bad taken 2 volumea of hydrogen and chlorine instead 
of 1 Tolume, and spoken of molecules instead of atoms, 
divided into half-^toms, he would have given to his pro- 
position a definite form, which may be clearly espreased 
by the following fonmilte : — 

HI a-i ^ H-i HI 

H/ * 01/ 01/ ^ 01/ 

StoL s»oi, - - - - 



Under any circumstances it is evident that the import- 
ant distinction which we find in Dumas*s conception 
between two species of ultimate particles, atoms and 
balf-atoBiB (which we now call moleculeB and atoms), 
appears again in ecience long after the ideas of Avogadro 
and Ampere had sunk into oblivion. Free hydrogen 

had it been adop1«d and developed, to a truer conception of tie 
theory of volnmes than tiiat which aatisfied tlie learned Swede. 
Thia conception of Dumaa is, I think, so impoitant, that the passage 
JD which he states it shonld be given in his own words. 

' These considerationH are bo simple that it is needless to dwell 
longer upon them. With the application, howeFer, comes the diffi- 
culty. Take a litre of chlorine, and let ds suppose it to cout^n 1,000 
atoms ; a litre of hydrochloric acid should contain tbe same number. 

1 litre of hydr<^n ^ 1,000 atoms 
and 1 litre of cUorine = 1,000 atoms 
forming 2 litres of hydrochloric acid = 2,000 atoms. 

Bat each atom of chlorine upon combining with one atom of hydro- 
gen can only produce one atom of hydrochloric acid, or 1,000 atoms 
in all. We must, tlien, admit that the atoms of chlorine and hydrogen 
are haired in order to form the atoms of hydrochloric acid. Each 
of the httler are therefore composed of a half-atom of hydn^en 
and ahalf-atom of chlorine. This is also tlie caoe withdeutozide of 
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and chlorine are formed of two atoms combiTied with 
each oilwr._ The latter feature is important, and was 
added by Oerhardt, who expressed the same thought in 
these words : free chlorine is a chloride of chlorine, free 
hydrt^n a hydride of hydrogen. Such was the new 
idea which was to make its way into science. To repre- 
sent the molecules of diatomic gases as composed of two 
atoms eombmed with each other, was to admit that 
these atoms have a mutual affinity, similar to that which 
unites the dissimilar atoms of compounds ; to regard the 
hydrogen molecule as belonging to the same cla^ of 
combination ae hydrochloric acid ; to represent the 
direct combination of chlorine with hydrogen as a double 
decomposition ; and to restore, in a word, though in a 
simpler form, the proposition of Avogadro and Ampere 
and the beautiful conception of Dumas. 

Thus hydrogen, chlorine, oxygen, and nitrogen are 
formed, in a free state, of 2 atoms combined with each 
other. This proposition is supported by a number of 
chemical proofs. 

It is well known that even finely divided copper is 
scarcely attacked by hydrochloric acid at ordinary 
temperatures. Hydride of copper, on the contrary, is 
attacked by it with great energy. Brodie was the first 
to observe that this reaction was easily ei:plained if, in 
addition to the aCBnity of chlorine for copper, the affi- 
nity of hydK^en for hydrogen was admitted. 

Aa regards oxygen, the conception in question has 
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received startling confirmatioe from the celebrated ex- 
periments of Brodie upon the reciprocal action of 
perojtideB. The feet that peroxide of hydrogen reduces 
oxide of silver, permanganic acid, and perchromic add 
80 easily, and at the same time is itself reduced with a 
brisk liberation of oxygen, was formerly explained as the 
action of contact, an expression which means nothing. 
Brodie ascribed it to the natural play of affinities. The 
oxygen which is added to water in hydrogen peroxide 
unites with the oxygen of the oxide of silver or with 
the excess of oxygen in the highly oxidised acids, and 
one atom of oxygen uniting with another forms a mole- 
cule of oxygen which contains both atoms and is evolved. 
This affinity of oxygen for oxygen is stronger than that of 
water for oxygen and than that of peroxide of manganese 
for oxygen. This is why bodies saturated with oxygen 
can reduce each other, without a combination taking 
place between the products of this reduction. 

Another class of arguments may be brought forward 
in support of this important idea. The peculiar 
activity of hydrogen and oxygen when i/n the na- 
scent state is undoubtedly due to the fact that under 
these circumstances the atoms act separately, before th^ 
have been united to another atom to form the pairs of 
which the molecules are composed. It is evident that 
heat should be disengaged by this formation, which is a 
combination. The isolated atoms which are just formed 
and not yet united into pairs are still provided with this 
heat, and have, consequently, the greater activity.' 

■ This idea was pabliahed long ago bj F. A. Favie {Oampte* 
Refndta, t Ixiii. p. 369) 
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Berthelot has uselessly brought forward in opposition 
to this conception considemtione drawn from the thermal 
pheoomena which accompany the formation of the un- 
HtablecombinationajuBt mentioned Hydride of copper, 
he said, was undoubtedly formed with absorption of heat : 
it is not astonishing therefore that it should be attacked 
in the cold by hydrochloric acid, when copper is not. 
The argument seems to rest upon giving a natural expla- 
nation of the reaction in question. But some reserves must 
be made upon the premises. What meaning must be 
attached to the proposition, hydride of copper is formed 
with absorption of heat ? No chemical combination can 
give rise, as a combination, to an absorption of heat, for 
the connection and fixation of the ultiznate particles rf 
bodies in new positions of equilibrium gives rise to a loss 
of energy, and consequently to a disengagement of heaL 
It ia, however, possible for this action to be preceded 
or ^companied by an inverse action — that is to say, by a 
separation of the ultimate particles, a phenomenon which 
gives rise to an absorption of heat. These two actions, 
upon superposition, give rise to a result sometimes posi- 
tive, sometimes negative, according to their respective 
intensity. We cannot say, therefore, that copper and 
hydrogen have absorbed in the act of combining a cer- 
tain quantity of heat : they have, on the contrary, libe- 
rated heat. But, while separating from the combination ' 
which contained them in the first place,' the elements 
of the hydride of copper might have absorbed more 

' This combination is hjpophospboroas acid, the action of which 
upon snlpbate of ooppei gives riw to the formation of copper by- 
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heat : the thermal result is therefore unquestionably 
negative. 

Ab regards the reciprocal reductions of peroxidee, 
Berthelot again oliserveB that hydrogen peroxide, ozone, 
and probably oxide of silver, as well as the metallic 
acids mentioned above, are formed with absorption of 
heat. The foot is here unimportant and the argument 
no longer to the point. For though their instability 
would be rendered intelligible from the admission that 
these metallic acids and peroxide of hydrogen contain 
more beat than the lower oxides to which they are 
reduced, this fact would not explain their rewproixd, 
reduction- 
Free nitrogen has a weak afiBnity for the greater 
number of the other elements, and can only combine 
indirectly with a great number, often with absorption of 
heat. The reason is very simple : the heat liberated by 
the combination of nitrogen with cblorine is less than 
the heat which is absorbed when the diatomic molecules 
of nitrogen and chlorine are resolved into two atoms. 
If, therefore, heat is disengaged by the decomposition of 
nitrogen chloride, it simply proves that more, heat is 
liberated on the reconstitution of these molecules 
containing two similar atoms than is absorbed on the 
separation of the atoms in nitrogen chloride. This all 
argues in favour of the modem idea that the molecules 
-of certain simple bodies are formed of several atoms 
which exercise a certain mutual attraction, or expend 
upon each other, entirely or in part, the affinities with 
"which they are endowed. 



■V Google 



III. 

Kekul^ has made an important advance in this 
<lirection. This -eminent chemist, from a coneideratioa 
of ite simplest combinations, was the first to recognise 
the &ct that carbon should be regarded as quadrivalent. 
For, in its saturated compounds, a single atom of carbon 
is united ydth 4 atome of hydrogen in marsh gas, with 
4 atoms of chlorine in carbon chloride, with 3 atoms of 
hydrogen and 1 atom of chlorine in methyl chloride, and 
■with 3 atoms of chlorine and 1 atom of bydn^n in 
chloroform. Again, it is anit«d with 2 atoms of osygen, 
which are equal to 4 of hydrogen, in carbonic acid gas, 
and in carbon disulphide with 2 atoms of sulphur, 
which are equal to 4 of hydrogen. This is sufficient, for 
though the list of compounds in question is ^ &om 
being complete, the demonstration is so well known 
that further remark is unnecessary. Carbon is therefore 
a quadrivalent, or, in the language of that time, a te- 
tratomic element, which means that its capacity of 
combination with hydrogen is four, while that of nitro- 
gen is three, oxygen two, and chlorine one. The 
following table will show the increasing capacity of com- 
bination of these foor elements ; — 

CI'H hydrochloric acid, 



Moreover, their capacity of combination is equal to 
their substituting value, for, if 1 atom of carbon in com- 
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bining with hydrogen is satuiated with 4 atoms of this 
gas, it will be also able to replace 4 atoms of this gas. 
Thus guasidine, for example, may be regarded as derived 
from 3 molecules of ammonia by the aubatitution of 1 
atom of carbon for 4 atoms of hydrogea 



N.H, 



'•\H, 



This IB also the case with the atoms of nitrc^;en, 
oxygen, and chlorine, which can respectively replace 3 
atoms, 2 atoms, or 1 atom of hydrogen, as in the follow 
ing cMnpounds : — 

(C.H.)H,NC1 (C,H,)N'"NC1 

AaUliH ohlorbfilnita. Dtuobenzena oMorMe, 

C^,.OH C,H,0''.OH 

AJcoboL Acetic uid. 

C,H,O.OH C^C!'O.OH 

Awtfc fti^- UonoohloTacetlo acid- 

Thus the capacity of combination of elements deter- 
mines their substituting value. These two ideas are 
correlative, and are expressed by the term * atomicity.' 

Atomicity is therefore identical with the valency 
of atoms, and it seems necessary to introduce this t«rm 
into scientific language, for it is dear, and it cannot be 
replaced by that of equivalence, because this value or 
valency is different for different atoms. There are uni- 
valent, bivalent, trivalent, and quadrivalent atoms. The 
elements are also termed monatomic, diatomic, triatomic, 
and tetratomic, though there is one objection to this 
nomenclature, for the same terms are used with a differ- 
ent meaning to designate the gases or vapours of simple 
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bodies the molecules of which are formed of 1, 2, or 4 
atoms. This coafusion should be avoided. 

In the series of hydrogen compounds enumerated 
ahove, the valency of the atoms ia indicated by the num- 
ber of hydrogen atoms with which they are severally 
united. The atoms of chlorine are so constituted that 
they can only fix one atom of hydrogen, while the 
oxygen atoms can fix two, the nitrogen atoms three, and 
the carbon atoms four, to form saturated hydrogen com- 
pounds. The capacity of saturation of the carhon atoms 
is therefore four times greater than that of chlorine for 
the same element, the unit of saturation being repre- 
sented by 1 atom ofhydrc^en. And if I atom of carbon 
were united with only 3, oi 2 atoms, of hydrogen, one 
imit of saturation would be wanting in the first case and 
two in the second. 

But this is not all. Kekul6 has gone further, and 
has shown that the carbon atoms can tmite with each > 
other, and thus satisfy some of the affinities which are 
inherent to them. This fact is bo important that we 
think right to reproduce here the proof of the eminent 
chemist. It is founded upon the fact that in saturated 
h^rocarbons the nmnber of hydrogen atoms never 
exceeds the limit indicated by the formula GJi^^^ 
The following are examples : — 



HjdicMjarboo 


fiC^H^ 


Methane 


CH. 


Bthane 


CA 


Propane 


C,H' 


Bntane 


C.H^ 


Pentane 


C,H„ 


Heiane 


c^« 


Heptane 


C,H,. 


Octane 


C.H„ 
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A single atom of carbon can unite with 4 atoms of 
hjdrogen, bnt 2 atoms of carbon can only unite with 6 
instead of with 8, because in the latter case they would 
both be saturated with hydrogen and separated from 
each (.ther, forming 2 molecules of manh gas. 
C^-CH. + CH4. 

In ethane, on the contrary, the 2 atoms of carbon are 
only united with 6 atoms of hydrogen because they have 
mutually exchanged one imit of saturation. This re- 
quires esplanation. 

If we take two molecules of marsh gas, CH^ + CH,, 
and subtract from each of them an atom of hydrogen, 
we shall obtain two residues CH,, in which the carbon 
atom would no longer be saturated. In losing H it has 
recovered a power of combination which renders it 
capable of again uniting with an atom of hydrogen, or 
of replacing an atom of hydrogen where one is wanting. 
Now the affinity of the carbon atoms for each other leads 
them to interchange this force. We find them riveted 
together by the exchange of one unit of saturation, each 
accompanied by 3 atoms of hydrogen. Such is the 
meaning of the formula 

H H 

H,0-CH,-H— C— O-H 



in which this interchange of units of saturation is indi- 
cated by the strokes which separate the letters.' 

■ This notation, now in general tue, was employed for the Btat 
time in the lectnreB irMch I gave at the Coll^ de France dniing 



■V Google 



ATomciry 215 

This reaeoning also shows that 3 atoms of carbon 
canuot combine with more than 8 atoms of hydrogen 
to form a saturated compound. In feet, if we take a 
molecule of ethane, C^H^ which is saturated, and a mole- 
cule of marsh gas, we must deprive each of them of an 
atom of hydrogen before the carbon of the one can 
combine with the carbon of the other. When this sub- 
traction is accomplished there will only remain 8 atoms 
of hydrogen, and one of the carbon atoms of ethane, 
thus impoverished, will be able to unite with the carbon 
atom of methane, which has also been deprived of an 
atom of bydrc^en. 

The three carbon atoms of the new hydrocarbon, 
propane, will thus form a chain firmly riveted by the 
very affinities which would have separated them from 
each other. The following formulee show the generation 
and the atomic grouping of propane : — 



B-A-K + H-6-(!!-H— H,=H-L-C-C-H 
A kk kkk 



Before proceeding we must warn our readers against 
an error. Expressions of the kind of which we have 
just given an example are not intended to describe the 
position occupied by each atom in space. They indicate 
the relations which exist between the atoms. The pre- 

tbe summer of 1863, and were pabiished fiist in Di. QuesQeville's 
Mmitew loientifigve, and afterwards ouder the title of Leqant de 
PIMotcpkie ehimi^ue (Haohette, 186j). This snb^oct is di«jusaed 
in •^. 140, 143, 146, 168 and 182 of this treatise. 
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ceding formula shows the manner in which tbehjdrogen 
atoms are divided between the thiee atoms of carbon, 
which are bomid together by the interchange of unite of 
saturation, thus forming, as it were, the nucleus or 
skeleton of the combination. The links of union in- 
serted between the atoms do no more than mark their 
d^ee of saturation. They indicate the number and 
the interchange of the units of saturation, and that is 
all. Each atom of the qaadrivalent carbon is sur- 
rouoded by four strokes, while atoms of the univalent 
hydrogen have only one. 

The line of argument which we have jnst been 
following applies also to saturated hydrocarbons con- 
taining a larger number of carbon atoms. Carbon 
atoms to the number of 4, 6, or 6 would interchange a 
part of the capacity of saturation which is inherent in 
them. It is clear that the carbon nuclei thus formed 
will only leave 10, 12, or li places vacant for as many 
atoms of hydrogen. Thus, to take a final example, 6 
unit£ of saturation aie required by 4 atoms of carbon 
to form a firmly riveted chain, and of the 16 vmia of 
saturation which were contained in the 4 atoms of 
carbon there remain, therefore, only 10 capable of 
fixing atoms of hydrogen. 

The above discussion will show the meaning and 
importance of Kekule's great conception. This idea 
explains tliree fitcts, which have no apparent connection. 

Ist. The fact that no saturated hydrocarbon can 
contain a greater number of carbon atoms than that 
indicated of the formula C,Hj„+,. 

2nd. The fact upoa which Laurent and Gerhardt 
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bad formerly laid 80 mucli streas — ^namely, that the 
number of hydrogen atoms contained in th« hydro- 
carbons is always eren. 

3rd. The great stability of these hydrocarbons, 
which is due not only to the great afifinity of hydrogen 
for carbon, but also of catbon for carbon. 

These ia^xis, which were reyealed by observation, only 
presented an empirical character. They are now ex- 
plained by, and subordinated to, a principle from which 
they flow as natural consequences. The affinity of 
carbon for carbon is the cause of the infinite yaiiety and 
immense number of carbon compounds : it is the essence 
of organic chemistry. No other element possesses in 
the same degree thiB ruling property of the element 
carbon, the faculty which its atoms possess of combining, 
of becoming riveted together, so as to form that frame- 
work, so variable in form, dimensions, and solidity, which 
aatB, so to speak, as a support to the other elements, or 
rather to the atoms of the other elements. The latter 
are not, however, wanting in this property of uniting 
together, to which part of our subjeot we most bow turn 
our attention. 



IV. 

We have described above the theory of diatomic gases 
and vapours. The molecules of hydrogen are formed of 
two atoms which, being univalent and comlsned with 
each other, have exhausted, by this act of union, all 
the capacity of combination which they possess. The 
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moleonle of hydrc^en cannot, therefore, serve as a point 
of attacbment to another atom ; it represents a saturated 
compound which can only be modified by substitution. 
This is also the case with a molecule of chlorine, and 
when these two molecules are brought into contact with 
each other they are reciprocally decomposed, and hydro- 
chloric acid is formed, as we have already seen, by the 
interchange of the hydrogen and chlorine atoms of these 
diatomic gases. 

The molecule of oxygen, again, is formed of two 
atoms joined together, and as they each possess a ca- 
pacity of saturation which is represented by two units, 
the union of the two atoms may be represented as 
cemented by the interchange of these two xmits of 
saturation or atomicities. Following the notation indi- 
cated above, this double exchange may be represented 
by two strokes. The molecules of oxygen may be 
written, therefore, 0=0=2 volumes. But we may also 
suppose these two atoms of oxygen to be simply united 
by a eingle unit of saturation : two out of these units 
are therefore left unsaturated, and it is clear that in this 
case a. molecule of oxygen may serve as a point of 
attachment to other atoms, which may be fixed by each 
of the two atoms of oxygen. If 0^0 represents a 
saturated couple, the symbol ■ — — — - will represent 
a couple which is \msaturated and capable of attaching, 
for example, two atoms of hydrogen. This conception 
explains the constitution of hydrogen peroxide, 
H_0-0— H. 

Certain peroxides have clearly the same constitution 
as hydrogen peroxide. This is the case with the per- 
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oxides of barium and etiontium, which may he repre- 
sented hy the fonnnlae 

BwQ and Sr^l 

The considerations which we have just applied to 
hivalent oxygen apply equally to trivalent nitrogen. 
Id &ee nitrogen we may consider that the two atoms of 
the molecule exchange the units of saturation which 
they possess, thus forming a soKd chain which few 
elements have the power of disturbing or interrupting 
directly. It is well known that free nitrogen miites 
directly with a very few bodies. 

This pair of nitrogen atoms N^N represents, from 
a thermal point of view, a more stable system (as having 
given rise to a greater liberation of heat) than a com- 
pound formed by an atom of nitrogen and] for example, 
three atoms of chlorine. But these two nitrogen atoms 
N^N which exchange 3 units of saturation, may only 
exchange 2 or 1 when, as in the preceding case, it acts 
as a point of attachment to other elements in complex 
combinations. The following are examples taken from 
those very remarkable organic combinations known as 
azo- and dia^o-compounds : — 

III II II l>o 

N ^ CI— N 0,H,— N C.H.— I^'^ C^i- 

cblorlde. 



IHaiobeimne A^itmaens, AHUTbenidDe. H7dnzob«i»aa. 



We here see at once how the unsaturated pair of 
the two nitrogen atoms may serve as a support to other 
atoms, or as a point of attachment to their affinities, if 
we may make use of this figurative expression. We also 
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Bee that it Ib not only elements snch as chlorine, hydro- 
gen, and oxygen which are capable oL attaching them- 
selves to the atoms of nitrogen (or othera) which are 
UDsatiirated in their affinity, or which have not exhausted 
their capacity of combination ; groups, such as phenyl, 
CjH„ given in the preceding formube, share this pro- 
perty with the elements. Phenyl can play the part 
and take the place of a certain atom of hydrogen, be- 
cause it wants but one atom of hydrogen to become 
benzene. We shall return to this point presently. 

We have so far traced the origin, development, and 
consequences of this modem idea — namely, that the 
atoms of simple bodies can expend upon themselves a 
part or the whole of the capacity of combination which 
they possess. We must now enquire into the meaning 
of this term. We have observed this quality highly 
developed in the atoms of carbon ; we have met with it 
again in hydrogen atoms, in oxygen and nitrogen atoms 
— that isto say, intheordiuary elements of organic com- 
pounds. We must now proceed to show that other 
simile bodies, such as silicon and the metals, also possess 
tiiis property. 

Silicon and titanium may be classed among the 
quadrivalent elements analogous to carbon. We are, 
in fact, acqiminted with the tetrachlorides, SiCl^ and 
TiCl,. Friedel has succeeded in preparing a sesqui- 
chloride and sesquiiodide of silicon. The latter, the 
analogue of sesquichloride of carbon, Cfi\^, has the 
same constitution as ethane (p. 214). The two atoms 
of carbon beiug united t<^ther by the exchange of 
one unit of saturation, there only remain six which 
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are, so to epeak, free to take up six atoms of chlorine. 
In the sesquiiodide and sesqoichloride of silicon the 
BIZ atoms of Iodine and chlorine play the same part, and 
the tvo atoms of silicon are united tt^ether, eschangiitg 
the fourth unit of saturation, or valency, which each of 
them possesses ; — 

CI CI CI CI CI a 

Cl— C— C— Cl Cl— Si— Si— Cl CI— Ti— Ti— a 

CI CI ■ Cl Cl Cl Cl 



BMqulclilinlds of cubou. SeaqolohloiUs ol 






The sesquichloride of titanium shows an analogous 
compodtioD. It must be remarked that the formulae 
in question cannot be halved. The vapour density of 
all these bodies has been taken, and their molecular con- 
densation must be expressed by the preceding formulEe. 

The chlorides of iron and aluminium are analc^ons to 
the preceding chlorides. The result of the classical , 
researches of H. Sainte-Claire Deville and Troost upon 
the vapour density of these chlorides has been to attri- 
bute to them the formula Fe,Clg and Al,Clg ; and we 
are forced to admit that the two atoms of iron and 
aluminium are united together in the same manner as 
the atoms of carbon, silicon, and titanium in the corre- 
sponding chlorides. 

The couples Fe — Fe and Al — Al are, then, sexvalent. 
This ingenions idea is due to Friedel. Considering iron 
as quadrivalent in pyrites, FeS,,' the eminent chemist 
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regards the fenic compounde aa containing two stoms of 
tetratomic iron united by the interchange of two units of 
eaturation. In the couple (Fe— Fe), ferricum, there 
remain, therefore, only six free or disposable units <tf 
saturation. The violet chromic chloride, and perhaps 
the compounds which are called sesquichloride of osmium 
and ruthenium, have the same molecular constitution 
as the preceding chlorides, 

[Al"— Al"]« CI, [Fe"— Fe"]"!:!, [Cr"— Ct^]"Cl, 
Chloride of H^zftohlorlda of Hexaob]orid« of 

[Os"— Ofi"]''Cl, [En"— Rn"]"CI, 

Hfiiaohlorldfl of HexBCMaridfl at 

The conesponding 03ddes are — 

(A1,)"0, {Pe,y'0. (Cr^-O, (Os,)"0, (Bim«Or 

These triozides must not be confounded with the sesqui- 
ozides properly so called, which contain trivalent 
element^ such as arsenic, antimony, bismuth, and gold. 
These sesquioxidea correspond to trichlorides, and the two 
atoms of metal which they contain are united, not 
directly with each other, but through an intermediary 
atom of oxygen. 

nf cUoiine npon the protochloride a. tetracblorlde is not formed, be> 
oanse the affinity of iron for iron is greater than that of fonr atoms 
of chlorine for iron. 

FeCl. + FaCl, = CPe— Fe)''a, + C1CL 

We must add that important reseaiches made by Scbenrer-Eeatna 
npon the feme salt hare confirmed tiie exi^tonoe of sexvalent inmi 
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Sb'"Cl, B"'C1, Aii"'Cl, 

Chloride at tnU- Chloride at GbltaHa of ttA 



Anenloiu HUlifdrlde. 

Iridium and rhodium also form well-ohamcteriBed 

trichlorides and sesquioxides, which seem to belong to 
the preceding series ; but they also form dichloridea, or 
rather tetrachlorides, in which we may admit the ex- 
istence of couples (Ir — Ir) and (Rh— Rh) formed by the 
union of two atoms of iridium or two atoms of rhodium, 
which, having exchanged one imit of saturation, now 
possess only four atomicities. 



As a final example of these unions which the atoms of 
the same element may form, by the partial exchange of 
their atomicities or units of saturation, we may mention 
the cuprous and mercurous compounds, of which the first 
contain two atoms of copper, the second two atoms of 
mercury, united together. 

{Cn"-Cn'')"Cl, {He"-Hg")"C!j 

CopronB chloride. UAicomu jiblotldA, 

(Ca"— Ca'Y'O (Hg"— Hg")"0 



The formula which ia here attributed to mercurous 
chloride has been amply justified (p. 115), whence it 
seems allowable to attribute an analogous composition 
to cuprous chloride, though here there is some un- 
certainty. 
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CHAPTER 11. 



dffimty and Atomicity, two Diatinct Properties of 
Atoms. 

We hare in the preceding pages defined atomicity by 
regarding it as the saturating capacity of atoms, or as 
their valency in combinations. It is, then, a property 
inherent in the nature of atoms. We must proceed to 
show how it differs from affinity. 

Affinity is the force of comlnimtion, chemical 
enei^. It determines the Intensity and tbe direction 
of chemical reactions, and is estimated by the thermal 
effects which these reactions produce. It varies essen- 
tially with different atoms. In combining with atoms 
of hydrogen, atoms of chlorine, iodine, and bromine 
liberate very different quantities of heat ; their afSnity 
for hydrogen is very different, and is proportional to the 
quantities of heat liberated. But if we consider the 
combinations of the SEune elements with oxygen we shall 
find the order of affinities reversed. Chlorine is the 
element which possesses the weakest affinity for this 



jNGoogle 



APFINITY AND ATOMICITY. 225 

Ijody. The componndB of chlorine and oxygen are very 
uDstable ; some decompose with explosion^that is to 
Bay, are formed with absorption of heat. The affinity or 
chemical energy of a given body muat therefore be con- 
eideied as a relative property. It depends upon the 
nature of the element with which the one in question 



It depends also upon the conditiouB under which the 
bodies are placed. BerthoUet long ago showed the 
inSuence which is exercised upon affinity by physical 
conditions, such as the degree of cohesion and the in- 
solubility of bodies. This fact is too well known to 
require further remark (see , p. 4) ; but we must 
remember how physical agents, such as heat, light, or 
electricity, can augment or diminish chemical energy, 
Btimulate or retard the exercise of affinity. If mercury 
is heated to a certain temperature its atoms are in a 
condition capable of attracting atoms of oxygen. If the 
beat is increased the atoms of mercury and oxygen will 
be separated again. The aflBnity of mercury for o^gen 
is therefore subordinate to the temperature. It is a rela- 
tive and not an absolute property, like the atomic weight. 
In the same manner a stream of electric sparks or the 
silent electric discharge can determine combinations 
between atoms which would have no actiou upon each 
other under ordinary conditions. Inversely, the same 
inSuences can produce decomposition, as is the case with 
the battery current. Here, again, the conditions in 
which the atoms are placed exercise a visible influence 
upon their affinities. 

Atomicity iB the capacity of saturation, or the value 
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of snbstitutioD possessed by atoms, and this valency 
is an essentially different thing from the force of cont- 
bination or the energy which resides in them. It 
governs the form of combinations, which varies with 
each atom. Thns the hydrogen combinations of chlorine, 
oxygen, nitrogen, and carbon have a different form (p. 
211), and the atoms of carbon are so constituted that 
they can attract four atoms of hydrogen, whilst nitrogen 
can only attract three, &c We sbould, moreover, observe 
that the force with which the hydrogen atoms are 
attracted by these different simple bodies is independ- 
«nt of the number of atoms fixed in each case. Thus 
we know that while hydrogen is united to chlorine with 
extreme energy, oxygen combines with less force, carbon 
with dilHculty and only when excited by most powerful 
iofinences, and nitrogen not at all directly. 

These two notions, affinity and atomicity, which 
form the very foondation of the science, are thetefoie 
essentially different. 



II 

Atomicity a Rdatwe Property of Amms, 

Let us pursue this parallel. Ib the atomicity or capa- 
<dty of saturation of every kind of atom immutably fixed, 
whatever the combinations may be into which they enter ? 
By no means. The action of atoms must be regarded as 
r^iprocal, so that in a compound formed of two hetero- 
geneous atoms the properties of the one are influenced 
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ty those of the other, the two atoms adapting themselves, 
as it were, to each other. Atomicity is therefore a rela- 
tive proeprty, like affinity. This ia easily proved to be 
tlie case. Nitrogen, phosphorus, arsenic, and antimony 
only combine with three atoms of hydrogen ; the three 
latter elements also combine with three atoms of chlorine ; 
but while phosphorus and antimony can unite with five 
atoms of chlorine to form the pentachlorides, arsenic can 
only nuite with three atoms of this element. Here, 
therefore, we have essential differences in the saturating 
capacities of simple bodies for hydrogen and chlorine. 
The hydrogen compoonds exhibit a particular form and 
belong to a certain type, the same for all ; the chlorine 
compounds do not exactly correspond, phosphorus and 
antimony, but notarsenic, forming with chlorine chlorides 
which belong to a particular type. 

Let us now consider some other compounds formed 
by the same group of bodies. We do not know of one 
of them forming a hydrogen compound or an ethyl or 
methyl compound belonging to the type BX,; but 
nitrogen, which can fix neither five atoms of hydrogen 
' nor five ethyl groups, is united in sal ammoniac to four 
atoms of hydrogen and one of chlorine, and in tetrethyl- 
anmionium iodide to four ethyl groups and to one atom ' 
of iodine. 

NH, + HCa - NHjCl ; 
SBt, + BtCl - HSttCa, 

Phosphorus, arsenic, and antimony alao form the com- 
pounds — 
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PEt.I 


AaMe^Cl 

AsMe,Cl 
AsMe,CI, 




AsMeCli 



which belong to the type RXj. 

The methyl compounda of arsenic are worthy of 
attentioa froin our present point of view. Arsenic can 
neither combine with five atoms of chlorine nor with 
five methyl groups ; hut well-defined compounds are 
known containing for one atom of arsenic four methyl 
groups and one atom of chlorine, or four atoms of chlorine 
and one methyl group, whence it appears that the com- 
bining capacity of arsenic varies, and is in a manner 
- increased when chlorine and methyl are both present to 
enter into combination with arsenic. 

The oxygen compounds of the bodies in qaestion 
belong generally to the types EX^ and RXy But here 
again we meet with peculiarities worthy of notice. 
Nitr(^n is bivalent in nitrogen dioxide, NO,' which 
compound is not saturated. It is quadrivalent in NO^ ; 
but this latter, again, tends to unite with itself at a low 
temperature, thus forming the body 0,N' — N'O,. 

Arsenic forms with sulphur a compound AsS, or 
AsjS( = SjA8' — As'S,, which has no anal(^^e in the 
oxygen series. 

We may conclude, therefore, that, as far as nitr(^^ 
and its congeners are concerned, there is no absolute 
rule for the saturating capacity of atoms, since we find 
that the latter varies with the nature of the elements or 
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groups which are united with the simple bodies io 
question. 

Let us now coueider the chlorine family. This Wlj 
and its congeners behave towards hydrogen, ethyl, aud 
the metals as univalent elements. 

OIH hydrochloric acid. 
ClEt' chloride of ethyl. 
CIK chloride of potassium. 
CljPh" chloride of lead, 
C1,S1/* chloride of antimony, tec. 

This is not the caap with the different oxygen 
compounds of chlorine and its congeners, in which the 
saturatiug capacity of these elementa for oxygen is 
exhausted by degrees. Thus in hypoehloroua acid, 
C1(0H)', chlorine ia univalent ; it is quinquivalent in 
chloric acid, ClOj(OH), and septivalent in perchloric 
acid,' C10s(0H). With perchloric acid we may com- 

' Some time ago I ezpTeased the idea that in certain oxygen 
componnda rich in o^gen the atoms of this body might be united 
in aadi a manner as to foim a chain. Thns I repreBented the 
in of cblorio acid and percliloric add by the foimnlie — 

— 0— fOH)' a'— O— O— 0— (OH)' 



Tliis hypothesis afterwards received support from ideas npon the 
constitution of the quinonea. We know that Qraebe and Liebec- 
"I""" regarded quinone aa a banzene derivative, in which tlie diat-o- 
mio group (0 — O)" was substituted for two atoms of hydrogen 
in benzene. 

c,H, c,Hj(0— oy ■ 

Benzans. QoioODe. 

This idea had to be abandoned, and I must give np my old hypo- 
thesia upon the constitution of the. acids of chlorine, snlphor, las. 
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pare permaQganio acid, MuO,(OH), where msngaQeee 
is aeptivalent ; it is bivaleiit in the dichloiide MnCI^ 
probably quadrivalent in the peroxide MnO,, &o. 

Iodine, which belongs to the &niily in queation, pre- 
aeota a noticeable peculiarity ; it forms with chlorine a 
protochloride, CII, in which- it appears to play the part 
of an univalent element, as in iodide of potassium, a 
saturated compound. In the protochloride the iodine 
is not satm-ated, for it can fix two more atoms of chlorine 
to form a trichloride. And this trichloride of iodine 
is unquestionably an atomic compotmd, for the three 
atoms of chlorine may be replaced by three acetyl groups 
(Schiitzenberger). 

Thus we have the following compounds : — 

I'd I^Cl, l'"(C,H,0,), 

lodlnfl pTotootalorlda. lodtoe tjl- lodina Qrlu»tM& 

(dilorlds. 

In iodic acid, 10^(011)', iodine is quinquivalent ; it 

The existence of a chain of oxygea atoms tn the higher adds of 
chlorine seemed acarcely to acooid with the Btabilitf of these 
acids, increasing as it does in proportion to the nmnbei of oxygen 
atoms. I therefore incline to the idea that chlorine is heptatoniio 
or septivalent in perchloric add, aod that snlphni is sexvalent in 
snlphniic acid. Oiven the fact of multiple proportions, it we 
admit ttiat atomidtj varies by degrees, there is no reasoa why wo 
ahoDld not admit that a given element may manifest towards 
oxygen a capadty of combination seven times gi«Bter tliBU to- 
wards hydrogen. We most, however, add that in certain per- 
oxides analogoas to hydrogen peroxide we most admit a similar 
existence of two atoms of oxygen united to each other. 
H H Ba 

Stlnto' psmldt. Butun peroild*. 
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is septivaleot in periodic acid, lO/OH)'. This latter 
acid forms very remarkable hydrates, and also corre- 
sponding definite salts.' These hydrates are— 



The polyatomic character of iodine is much more 
striking than that of chlorine, and it is worthy of re- 
mark that iodine can fix in tbe.different hydrates of 
periodic acid one, three, or five hydroxyl groups, form- 
ing relatively stable compounds. 

Let us now pass to another family, that of oxygen, 
which is a bivalent element. Sulphur, selenium, and 
tellurium are also bivalent in their hydrogen compounds. 
They are quadrivalent in the anhydrides SO,, SeO^, TeO,, 
and in the chlorides SeCl,, TeCl, ; sexvalent in the anhy- 
drides 80 3, SeOj, TeOj, and in sulphuric acid, SO/OH),, 
selenic acid, SeOj(OH)„ and telluric acid, TeOs(OHV 
Oa^gen, which belongs to the same family, is one of the 
most strongly characterised bivalent elements. Can it, 
like its congeners, in some cases act as a quadrivalent 
element ? This is not impossible, and the suppo^tion 
receives support from an important discovery made by 
Friedei. Methyl oxide, (CHj)jO, will unite with hydro- 
chloric acid, HCl, although both bodies may be regarded 
as saturated, and the combination is so stable that it is 
not completely dissociated at its boiling point. If the 
molecule (CH,\O.HCI can exist in the state of vapour, 

,0H 
< Ordinair BOdiam periodate is 10^ + H,0. 

n,oN.«j-v Google 
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the hypothesis of quadrivalent oxygen would account 
foT this fact: chlorine and hydrogen can be attracted at 
- the same time as the two methyl ^oups. (Friedel.) 

The development of sapplementary atomicities in 
oxygen would account, as Friedel has recently remarked, 
for the formation of certain compounds called molecular, 
notably for the fixation of water of crystallisation by a 
great number of anhydrous molecules. But this is con- 
nected with a general question which will be treated 
presently. 

We may here draw attention to a remark which is 
not devoid of interest. Oxygen is bivalent ; sulphur, 
selenium, and tellurium exhibit, in a great number of 
cases, higher atomicities. Again, in another family 
chlorine is univalent, at least as far as its combinations 
with hydrogen and the metals are concerned ; iodine, 
however, manifests higher atomicities. Does it not 
seem as if this tendency to develope atomicities of a 
higher order might bear some relation to the increase 
of the atomic weight? for in the same family the heaviest 
elements seem more apt ttum the others to form com- 
bioatious of a higher order — that is to say, to display 
higher atomicities. 

Chromium possesses some analogy with sulphur, so 
much BO that Mendelejeff places it, vith molybdenum 
and tungsten, in the oxygen and sulphur group. In this 
metal the sexvalent character is even more pronounced 
than in sulphur ; it becomes more so in molybdenum 
and tungsten, the atomic weights of which are higher, 
and which we know form hexachlorides. But the 
chlorine compounds of tungsten offer a striking ezam|de 
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of the vaiiatioD of atomicity Id the eame element. Not 
to menticoi the dichloride of tmigBten, three other well- 
defined chloiideB are known, namely — 

WC1„ 
WCle 

in which tnngsten evidently poesesses a valency or com- 
biniiig value which differs aa the numbers 4, 5, 6. 

Let us comider some other metals from the present 
point of view — that is to say, of variable atomicity and 
of its tendency to augment in value with the increase of 
atomic weight. 

Iron is bivalent in the dichloride, quadrivalent 
in the disulphide FeS, and in the hexachloride 
(Fe — Fe)^Clg (Friede^ ; but the dioxide corresponding 
to the disulphide and tetrachloride is imknown — a 
firesh proof that atomicity is dependent upon the nature 
of the two combining elements. 

Ruthenium* forms a well-defined tetrachloride, but 
the hexachloride of ruthenium is unknown. Such a 
combination is formed, however, by osmium, the ana- 
logue of ruthenium, the atomic weight of which is 
higher. We may add that in perruthenic acid and in 
osmic acid, which is bo stable, ruthenium and osmium 
act as octovalent elements. 

In the same manner we may compare rhodium to 
iridium, palladium to platinum ; then agiiin the alkaline 
metals to silver, to gold, and to thallium. We will con- 

' Iroii,ratheiiiiim, and osmiam form a Beries in UendelejeS'a table 
(pp. 169, 160). 
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fine ooiselves to the latter comparison.' The alkalioe 
metals and silver are umvalent. OoM, the atomic 
weight of which is higher than that of ailver, forms 
not only a protochloride, but also a well-characteriBed 
trichloride. It is the same in the case of thallium 
compared with ceesium and rubidium. With all theae 
metals atomicities of a higher order are developed as the 
atomic weight increases. 

Let us turn to carbon aa a last example in this 
long disciiBsion. 

Following the example of Kekul4, we have con- 
sidered carbon as quadrivalent in the saturated com- 
pounds which it forma with oxygen, sulphur, hydrogen, 
and chlorine. But there are other combinations of 
carbon, in which this element is not saturated. Carbon 
monoxide, CO = 2 volmnes, furnishes an example. In 
this body carbon has not exhausted its capacity of com- 
bination for oxygen, since it can 6x another atom to 
form carbon dioxide, CO,. 

Xor is its affinity or its combining energy exhausted 
in carbon monoxide, since this gas evolves heat when 
combining with oxygen ; and yet carbon monoxide 

' The groap of aUcsJine metals properlj so called comprises ilie 
following metals : — 

Li, Na, K, Bb, Cs, 

to wbich B, sab-gTonp may be added, comprising silver, copper, gold, 
and thalliom. Copper seems misplaced here, and yet several 
reasons may be brought forward in favour of the connection of 
this metal with aUver, amongst others ttie isomorphism of Ca,S 
and Ag-^ (p. 111). As to tballimn, we are evidenUy aathorisedm 
oonnecting it with the alkaline metals, althoogb in Mendelejeff's 
teble it is placed in another series. 
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represeDts a stable molecule, a definite though un- 
saturated combination. It etill retains an affinity for 
oxygen as an active force, without manifesting it as 
long as it remains carbon monoxide. This molecule 
differs both in form and type from that of carbon di- 
oxide, and if we consider the units of saturation which 
are exchanged in the two combinations, we shall find 
that there are two in carbon monoxide and four in the 
dioxide. It follows, therefore, that in carbon monoxide 
the carbon atom playa the part of a bivalent element, 
while'it is quadrivalent in carbon dioxide. This, how- 
ever, is in reality but a figure of speech, for we may 
add that if it does not manifest to the full extent the 
capacity which it possesses for oxygen, it is not the less 
true that it possesses it, since it will manifest it as soon 
as occasion ofiers. Carbon monoxide contains an atom 
of carbon which is still in possession of two units of 
saturation, as may be expressed by the following for- 
mula ; =(?^=0", carbon dioxide being 0"=C''=t)". 

It would be waste of time to propose and discuss the 
question of variable atomicity, if it could be reduced to 
these terms. Bnt this is not the case. Cooper was the 
first to observe that carbon occurs in a great number of 
compounds in the condition of the carbon in carbon 
monoxide. It is important to examine into and esta- 
blish this statement, for the highest aim of chemistry is 
to disoover the constitution of bodies, to determine the 
grouping and mutual relations of atoms, to define, con- 
sequently, the part which each plays with regard to ita 
neighbours ; and if, amongst these atoms, there are 
some which have not exhausted their capacity of com- 
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bination, they muet be distiDgulBbed from the others 
and marked ^ith a characteristic sign. This would be 
of great aesiBtance in understanding constitutional 
formulfe and in interpreting chemical reactions, for it 
must not be forgotten that the propertieB of bodies are 
dependent upon their conetitution. 

Take, for example, the two isomeric bodies methyl 
(^anide and the methylcarbylamine of A. Crautier. 
Their composition ie expressed by the formula CjHgN, 
which gives no information as to the causes of their 
isomerism. This is most satisfactorily explained by the 
rational formulse proposed by Gautier — 

N'-sC'-CH, W"{ 

HMrji crulds. UethjilcubjrlainliM. 

The first represents a compound of cyanogen. The 
trivalent nitrogen exhausts its capacity of combination 
in exchanging three units of saturation with the quad- 
rivalent carbon. The group (CN) is therefore univalent, 
for the carbon is not saturated. It is cyanogen, and 
can fix methyl by its unsaturated carbon. The methyl- 
carbylamine is a base, an ammonia compound containing 
trivalent nitrogen. The latter exchanges one imit of 
eaturation with a methyl group, and two units with an 
atom of carbon which here takes the place of two atoms 
of hydrogen. In feet, we might say that methylcarby- 
lamine was derived from methylamine, in which the 
two hydrogen atoms are replaced by an atom of bivalent 
carbon. This is perfectly expressed by the term methyl- 
car bylamine. 
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It is surely scarcely necessary to add that is not 
merely a theoretical view, but that the preceding 
formulEe interpret reactions, and are to a certain extent 
nothing more than the abridged and commodious repre- 
sentation of those reactions.* 

We say, therefore, that carbon is contained in the 
two isomeric compounds in question under two differ- 
ent forms, quadrivalent in methyl cyanide, bivalent in 
methylcarbylamine, saturated in the former and, if you 
wiU, unsaturated in the second. And it is well to re- 
member this, since the above notation serves to repre- 
sent the constitution of bodies — that is to say, the 
reciprocal relations between atoms — and to interpret the 
accompanying reactions. 

We must add a last example to the preceding, which 
we have chosen from a number of others. 

Urea is an amide — that is to say, a derivative of 
ammonia — and the two atoms of nitrogen which it con- 
tains have the same value and are united to the same 

' Carbon is nnited to carbon in methyl cyanide. This body 
pelda, by the action at potash, aoetic acid, nhere carbon is united 

CH, CH, 

4- 2H,0 i= I + NH, 

CN CO^ 

IdethTl oTUiMe. Aoetio add. 

Tbe two atoms of carbon are united to nitrogen in metbylcaibyla- 
mine, and consequently separated from each olJier. They are also 
separated by the action of potash, tbe one remaining united to 
nitrogen in methylamlne, the other giving formic acid. 

N^ + 2H,0 - N/ ' + H.CO3; 
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atom of carbon ; separated from each other, they aie 
both trivalent. The isomer of m^a, isocyamite of am- 
monium, contains nitrogen in two conditions : one atom, 
united to the carbonyl group, is trivalent ; the other, 
which with four atrans of hydrogen forms the ammonium 
group, is quinquiralent. The following formulae repre- 
sent, therefore, the constitution of these two bodies, 
which can be transformed one into the other : — 



,.^"=- 

^N-^ 






ImKjwB^e at MiiiKalom. 



In this case a change in the state of saturation of 
nitrogen accurately determines and explains the trans- 
formation of isocyanate of ammonium into urea, and 
of urea into isocyanate of anunonium. 



III. 

Now, what have we proved by the preceding 
remarks? We have endeavoured to establish that 
atomicity is not more immatable than affinity itself, 
but that it is a relative property of atoms. It varies, in 
&ct,mthUie same element in the different combinations 
which the element is capable of forming with other ele- 
ments, according to the nature of the latter, and in the 
<x)mbinations which it is capable of forming with the 
same simple body, according to the condition of satiira- 
tion of the compound in question. It varies also with 
the temperature, for it is well known that, with r^ard 
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to certain elements, certain forms of combination can 
only exist within very narrow limits of temperature. 

These variationB in the combining capacity of atoms 
are evidently a part of their intimate nattire, of their 
form of existence. They probably depend upon the 
different velocities of the atoma. When two hetero- 
geneous atoms come within their reciprocal spheres of 
action, they cannot unite unless their velocities are 
of a special character : there must be an accommoda- 
tion, which la mutual. It determineB the form of the 
combination, and also the form and dimensions of the 
new Jnolecule in space. This is why the combining or 
saturating capacity of a given element is only a relative 
property ; it cannot be the same towards the atoms of 
all elements, for each of the latter has its own indivi- 
duality, its own velocity, which require a special 
character in that of ^e atom which enters into 
combination. The fundamental properties of the one, 
its chemical energy and capacity of combination, are 
influenced by the properties of the other in a manner 
which varies with the nature of the latter. 

In the second place, it must be remembered that in 
the multiple compounds which one element forms with 
another, the state of saturation of the former varies. 
We are taught this feet by the law of multiple propor- 
tions. We know that the affinity of one dement for 
another is exhausted by degrees, and these degrees 
accurately mark the state of saturation of the former. 
In this respect, then, the tbeoiy of atomicity is nothing 
more than the renewed and revived expression of the 
law of multiple proportiona, as we remarked thirteen 
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years ago.' Does this mean that the two conceptions 
are identical, and that the former shows no advance 
apon the latter, and la, ia consequence, snperfluous? 
Such an opinion would not be tenable for a moment. 
There is a great difference between the law of multiple 
proportioDB, which is only the direct expression of an 
experimental &ct, and this studied theory, which 
consists in seeking for each simple body the forms of 
combination by which it is characterised, in comparing, 
in this respect, the elements with each other, in attri- 
bating to each of them a capacity of saturation which 
may vary in every compound, but which is perfectly 
definite in a given compound, in discovering the bearing 
of this property upon the constitution of chemical com- 
binations, or how each atom exhausts in uniting with 
other atoms, whether of adifferent or of the aa/me nature, 
the capacity of combination which it poesesseB, and in 
making use of these data to establish the probable 
relations between atoms in compounds, and, conse- 
quently, to constjnict the molecular edifice. This latter 
point is so important that we feel forced to return to it. 
But before closing the discussion now occupying our 
attention we must endeavour to explain a delicate 
point. Elements whose degree of saturation does not 
vary — such as hydrogen and, to a certain extent, the 
alkaline metals — are very easily characterised. They 
are univalent. This is not the case with those which 
form multiple compounds. Are phosphorus and nitro- 
gen trivalent elements ? They are so in the greater 
number and in the more stable of their compounds. 
' Leforu de Philo$qphit ckimiqite, p. 221. 



■V Google 



ATOMICITY. 241 

In others they are quinquivalent. This is the case with 
Ditrogen in sal ammoniac, where it is united to five 
univalent elements, four of hydrogen and one of chlorine. 
And the very reason why ammonia can unite with hydro- 
chlorio acid is because the nitrogen which it contains 
is not saturated to its fullest extent. It is saturated 
as regards hydrogen, but not as regards hydrochloric 
acid. 

The same dif&culty arises with respect to phos- 
phorus, arsenic, and antimony (see p. 227). It has 
been supposed at one time tiiat these elements were 
trivalent, at another that they were quinquivalent. 
Setting aside the question as to what they are absolutely 
with regard to themselves, we may say that they act aa 
trivalent elements in one order of compomids, and quin- 
quivalent elements in other compounds. This is suflS- 
cient not only to determine the atomic structure of these 
compounds and of those which are derived from them» 
such as the acids of nitrogen, phosphorus, and arsenic,' 

' The followiDg examples are well calonlated to ahow the prac- 
tical utility of these confliderationB upon atomicity. The aocom- 
panyii^ f ormolee lepieseut the composition of the two series of 
oompoouda mentioned in the text :— 

N"'H, F"H, A3™H, 



Aa"'COH), 
Notmal ugenioiB acli 
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but also to interpret the mode of formatioD and the i&- 
actiooB of all theee bodies, vhich is the essential point. 



o^ll" 


F"(0H). 


0/As-' = 


Hitioi>*Dlvdrld«. 




A]H>>I<m.«ilirdrlde. 


N'H.Cl 


F-H^ Afl'Me,I 


^_ 


P-Cl. 


AB'HeCI, 






N'COH), 


P-COH). Ab-(OH). 


0-N'(OH), 


O-P-{0H). 

(llnrtuiKjdtWW. 


O-Ab'(OH), 

Ortb.™io«M(a»t 


= N'(0,Bi'" 


O-_^P'<0H). 


0=_Aa'(OH), 




0>-P(OH), 
ith Pyrophfupliario add 


0>~As{OH>, 


S>'<OH) 


^(OH, 


^'(OH) 


NltrlOMld. 


«-»SSir'"" »—- •* 


°MJO, 


<„"■ ■ 


KTo? 


Kltrlo BDliJdrlde. 




.mmiouibjdiUe. 



We now imdeiataud the importance of the principles discussed in 
theteit (p.211). Without toochingopon the question of the deter- 
minalioti of the absolute saturating capacit; of the atoms of nitro- 
gen, phosphoros, and arsenic (and it is perfectl; clear that they are 
relative), we simply take note of that which thej manifest in » 
series of compounds, and make use of these data to establish rela- 
tions of satoiation between the atoms, and, to a certain extent^ to 
acoonnt tor the structnte of molecules. It is very simple for the 
hydrogen and chlorine compouscls ; it becomes more complicated 
for certain oxygen derivatives. But we cannot faU to be struck 
vith the light which the notation derived from considerations i^n 
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It ie evident from what has been said that we 
should encoimter eerioua dLfficultiea if we attempted to 
assign to each element a definite capacity of saturation, 
a fixed atomicity. In the case of certain polyatomic 
elements we ebould be embarrassed in our choice, for 
it is sometimee difficult to mark the limit of saturation. 

atomicit; throws not onl; npoa the eooBtitation, bat also upon the 
mode of foimatioD and upon the properties of these acidB. Let na 
take a dngle example, the most complicated one. 

On moderately heating oidinaiy phosphoTic or orthophos^Jioric 
acid, it ia converted Into pytophosphotic acid. Now, the analyBia 
of pfTOpboBphoiio acid and the pyrophosphates shows that thisacld 
only diffeis from orthopboaphoiic acid by half a molecule of water. 
The concmrence of two moiecnles of acid is therefore necessary 
for the formation of one molecale of water, and the reaidne of these 
two molecules rem^n united by an int^mediary atom of oxygen, 
wUch soffices to Gatniate the phospboma of the two molecnies. 
This la expressed by the toUowing equation : — 

/OH HO^ X)H HO^ 

O-PVOH + HO-ip-=0 = H,0 + = P'/OH H03P' = 

\0H HO/ ----O--'^ 

OrthophoBpboilc Orthoplioapliorin PTrophoeplioric 

The molecule of pyrophosphoric acid is therefore more complicated 
than that of phosphoric acid, and it is dear that it should be tetra- 
basic, as it coatains font atoms of basic hydrogen. Thus the con- 
stitntioQ, the mode of generation, and the fundamental properties 
of pyrophosphoric acid are clearly indicated by the formula 

X)H HOv 
= P'^OH H0>P'-0. 

Theformnlffi of phosphoric, pyropho^horic, and pbospboious.addsare 
f onnded upon considerations relative to the atomiuty or valency of 
the atoms of phosphoros and oxygen. Now, I ask, could the law 
of multiple proportions, as it was ouderstood some years ago, have 
given any information opon the atomic strocttire of all these mole- 
cnies ! Thus we were justified in our assertion that it was necessary 
to renew and revive thiR-Iaw to explain all these cbaracteristics. 
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Kotbing is easier for hydrogen, oxygen, boron, aihcoo, 
and a great nimiber of metals. Hydrogen, the alkaline 
metals, and silver may be classed with iiie univalent 
elements; the alkaline earths — magnesium, zinc, cop- 
per, &c. — are bivalent. This estimation, however, does 
not apply to other elements, nor can they be character- 
ised by their degree of atomicity, aa the latter varies ac- 
cording to the degree and the nature.of the combina- 
tions considered. 

Those chemists who hold that atomicity is a £xed 
property of atoms, as invariable as their atomic weights, 
are guided by other considerations. They chose certain 
forms of combination, certain types which, more stable 
or more important than others, seem to them charac- 
teristic of a given element, and suitable for fixing its 
atomicity. Thus tlie type NXj baa been taken as charac- 
teristic of bodies belonging to the nitrogen fiunily; 
nitrogen and its congeners have therefore been regarded 
as trivalent. But here a difficulty arises. We know 
that the simple bodies in question have a great tendency 
to form more complicated compounds belonging to the 
type NXj. What part, then, can they play in the latter 
compounds ? They are, they say, trivalent, like the rest. 
In fact, they admit that the compounds NX^ are not 
true atomic combinations, in which all the atoms are 
united so as to form a single molecule ; they are divided, 
so to speak, into two groups, forming two distinct 
molecules combined together, NXg=NXj + Xj. Hence 
we have two kinds of combinations, atomic combina- 
tions, in which the molecule forms two volumes of 
vapour, and molecular combinations, in which one 
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molecule is added to another molecule, and which, 
when they assume a gaeeous form, occupy four volumeB 
of vapour. This is the case with phos^horotis pentachlo- 
ride, with phosphonium iodide, with sal ammonia^:, &c 
This view has already heen refuted. The combiDatiom 
in question are true chemical compounds, and are 
merely dissociated and decomposed when heated (p. Ill 
et aeq.) 

■ There seems to me a difficulty in admitting that a 
chemical compound properly so called can he formed by 
the jnztaposition pure and simple of two molecules, 
which are attracted as such and preserve a sort of in- 
dividuality after having contracted this onion. Why 
does ammonia attract hydrochloric acid ? Because the 
nitr<^en which it contains is not saturated. This 
must be clearly understood. . We admit that sal am- 
moniac, NH^Cl, belongs to the type NX^, and hold 
generally and implicitly that the chlorine and the four 
atoms of hydrogen are united individually to the 
quinquivalent nitrogen. But can chlorine give up its 
affinity for hydrogen and unite with nitrogen, which 
only has a slight attraction for it ? This is a difficulty 
which was raised some time ago by Chevreul, and which 
appears to be increased by thermal considerations. The 
separation of chlorine and hydrogen should give rise to 
a consideiable absorption of heat ; the union of chlorine 
and nitrogen can only produce a feeble evolution of 
heat. The thermal result of the reaction should, there- 
fore, be n^iative, and the formation of sal ammoniac 
should give rise to an absorption of heat. The contrary, 
however, takes place. This difficulty disappears if we 



vGoogIc 



246 THE ATOMIC THEORY. 

admit that in amnioDiiiin chloride the afiSuity of the 
chlorine for hydrogen is satisfied not by its union with 
a certain atom of hjdix^en, but by the attraction which 
it eierciBes upon all the atoms of hydrogen within the 
Bphere of which it is now situated. 

Ammonia combines at a low temperature with 
hydrochloric acid because a residue of energy and 
affinity is retained by the nitrogen, and perhaps also by 
the chlorine. This combination creates a new state of 
equilibrium between alt the elements, producing a 
radiation, so to speak, of the atomic affinities and attrac- 
tions of the atoms of nitrogen, hydrogen, and chlorine. 
This is the part played by affinity. 

The atoms of hydrogen and chlorine unite with a 
great disengagement of heat, and seem to have ex- 
hausted their reciprocal affinity, and yet when the 
molecule of hydrochloric acid is placed within the 
sphere of action of the ammonia molecule there follows 
a iresh disengagement of heat. The reason of this 
is the following : the two molecules, free in their mo- 
tions before combination, are not so afterwards ; they 
are bound together, and henceforth execute their mole- 
cular and intermolecular motions with a certain in- 
tensity and in a definite manner, as a single system 
having a common centre of gravity. The fact of 
combination, therefore, produces in the end a loss of 
energy, and in this case, as in others, the final effect 
may be a resultant of many concomitant phenomena 
which are superposed — namely, variation of molecular 
enei^ and variation of atomic energy. This is the 
cause of the disengagement of heat. 
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Ammoaia can unite with hydrochloric acid hecauee 
the nitrogen atoms are so constituted, or, if you will, 
are animated hy such motions, that they can admit 
into their system not only three atoms of hydrogen, 
but a fourth atom of hydrogen and an atom of chlorine, 
and that the motions of these five atoms can har- 
monise with those of nitr<^n in a new system having 
a certain form and certain dimension in space. Such 
is atomicity. 

We say, therefore, that hydrochloric acid can unite 
with ammonia for two reasons — firstly, because the 
atoms uniting are in possession of a residue of afGnity ; 
secondly, because the atoms of nitrogen can adm,it 
into their sphere of action a fourth atom of hydrogen and 
an atom of chlorine. 

The difference between the two notions is evident 
from this example. We see also that we refer the 
faculty which ammonia possesses of attracting hydro- 
chloric acid to a peculiar state, to a fundamental pro- 
perty of the atoms of the former. In admitting the 
existence of atoms we employ an hypothesis ; our con- 
ception must embrace as much as possible to allow the 
deduction of all facts and to avoid the necessity of 
crating and employing secondary hypotheses. Chemical 
molecules are formed of atoms which attract each other. 
Such is the hypothesis, I know well that the atoms 
are invisible and inappreciable to the senses, and I do 
not believe that the direct proof of their existence and 
mutual attraction can ever be furnished. But this 
atomic attraction is only a form of universal attraction, 
and as an hypothesis equally legitimate. Why should we 
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graft upon this hypothesis a second, a special attraction, 
vhich in a completed combinatioa is exercised by one 
molecule upon another ? It seems to us more probable 
that these EO-<»lled molecular combinations do not 
essentially di£Fer from atomic combinations, and that 
the explanation lies in the properties of the atoms 



IV. 

This is a convenient place to introduce some 
developments of the subject of so-called molecolar 
combinations. 

When t^lcium chloride is placed in water, an 
evolution of heat takes place, which indicates a chemical 
action. A combination has taken place, and the mole- 
cule of calcium chloride, which appears to us completely 
saturated, has nevertheless attracted one or several mole- 
cules of water. In my opinion this chemical action 
was not determined by the molecules of the c^cinm 
chloride and the water, but by the at«ms contained in 
these molecules which were not saturated, or, in other 
words, which have preserved a residue of energy and a 
capacity of saturation which was not entirely exhausted. 
Hence they possess the power of exercising upon each 
other an action which is doubtless feeble, but sufficient 
to determine a chemical action. We maintain that the 
combination which has taken place, and which has 
given rise to a liberation of heat, is atomic. This heat 
could not proceed entirely &om a loss of vis viva in the 
molecular motions, a loss which generally gives rise 
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to physical changes, but also &oiu a loss of vis vi/ua in 
the intra-molecular motions — that is to say, in the 
atomic motions — which loss is the result and sign of 
chemical actions. 

But the objection will be made that this idea sup- 
poses that the molecules whiph we regard aS' complete 
are not so, and that the atoms which we consider satis- 
fied and saturated retain a residue of energy. This, 
in fiict, is what must be admitted, for experience teaches 
us that it is very difficult to fix the absolute limits of 
saturation for an element, and especially a polyatomic 
element. The partisans of absolute atomicity meet with 
great difficulties when they characterise elements by the 
atomicity which ia indicated by the limit of saturation 
— that is to say, by the maximum atomicity. This limit 
is not absolute, but varies with the conditions in which 
the element is placed and with the combinations 
considered. 

Are lead and manganese saturated in their dichlo- 
rides ? This is improbable, for there is reason to 
believe in the existence of tetrachlorides — very unstable, 
it is tme, and which only exist in an ethereal solution 
(Niokl^), but the ephemeral existence of which never- 
theless proves that the atoms of manganese and lead 
can fix more than two atoms of chlorine. 

We see that it is impossible to fix the limits of satura- 
tion with certainty for some element^ at least, and it is 
no gratuitous hypothesis to suppose that the compounds 
which appear to us saturated, and in which chemical 
forces appear to be exhausted, still retain in some of 
their atoms sufficient energy to determine combinations. 
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Such is the idea, or rather hypothesis, which may be 
hrought forward to explain the existence and formation 
of so-called molecular combinations. Thus in Friedel's 
chlorhydiate of methyl oxide we may assmne that 
either the oxygen of the methyl oxide or the chlorine 
of the hydrochloric acid is still in poasession of a residue 
of chemical energy. Assuming the oxygen to- become 
tetravalent or the chlorine bivalent, the coustibution 
of chlorhydrate of methyl oxide would then be repre- 
sented by either of the following fbrmulae : — 

CH,/^ \H cH.-Cl-H. 

Similar considerations may be brought forward in 
order to explain the existence of a great number of 
complex combinations, double salts, and different com- 
binations containing water of crystallisation. Chemical 
force is evidently called into play in the formation of 
these combinations, for they are formed in definite pro- 
portions and with liberation of heat. But, on the other 
hand, chemiats have always supposed that we had here 
to deal with a peculiar kind of chemical compound. 
The force which fixes water of crystalliBation upon 
sulphate of copper might perhaps, they said, be the 
same as that which brings sulphuric acid to act upon 
oxide of copper and which maintains the elements of 
the sulphate, but it acts in a much weaker manner. In 
fact, in many chemical actions where affinity is exhausted 
by degrees this difference in the intensity of the forces 
is manifest. In phosphorus pentachloride and penta< 
bromide two atoms of chlorine and bromine are retained 
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more loosely than the other three. But how much 
more feeble the force must be which gives rise to the 
unstable combinatioDS of phosphorus pentachloride with 
iodine chloride, or when the trichloride combines with four 
or even eight atoms of bromine, than the force which 
ie called into play when phosphorus unites with three 
atoms of chlorine or bromine. The same observation 
also applies to the force which impels bromine to com- 
bine with ether to form the crystallised compound 
noticed by Schiitzenberger. We beUeve that it resides 
in the atoms themselves, and it seems most natural to 
attribute it, in the phosphorus compound in question, 
to the phraphorus, which can retain in the chloride 
or bromide PX^ a residue of energy capable of fixing 
new atoms and of developing, if we may be allowed the 
expression, supplementary atomicities. But if, on the 
other hand, the compounds discovered by Prinvault are 
regarded as containing phosphorus, chlorine, and bromine, 
it does not appear improbable that the intervention of a 
third element should be necessary to maintain equili- 
brium between these complex and unstable mole- 
cules. One of the hypotheses by which we can make 
the theory of atomicity include all these facts consists, 
therefore, in attributing to bromine and iodine supple- 
mentary atomicities, which are developed, in some way, 
so as to unite all the atoms in the compounds in 
question.' 

' Thus the oocsMtntion of the compounds PCl,I and PClaBr, 
might be represented by the following fonunlie : — 
P.-C1. 
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Two Eeries of importaot facte still remain to be con- 
Gidered with this class of ideas — namely, the existence 
of double salts and that of compounds containing water 
of crystallisation. Can they be included in the theory 
of atomicity according to the principles just exposed 
for the * molecular ' combinationa of phosphorus ? This 
does not appear to be impossible. Take, for example, 
the double chloride of platinum and potassium. The 
chloride PtClf marks the limit of saturation of plati- 
num for chlorine : platinum is here quadrivalent. But 
we may suppose that it is not saturated. Though one 
,Br"'=BT, 

FoTmulce analo^ns to the latter, in which flgnre seveial atoms of 
trivalent bromine, would explain tlie constitation of the compomid 
FCl,Br,, These forniiZiB will appear Impiobable to manj ; I give 
them aa pure hjpotlieBeB ; but I beg peimiBsion to ramark that 
we are here dealing' with solid, uuGtable compoonda, with cttbUiIs, 
and that the force which causes the foimation of the latter is per- 
hapa called into play in the aggregatjons of atoms: ( — I = (9, 
— Br"' - Bfj). I know that here we are treading on ground crowded 
with hypotheses. I giant, on the other haud, that formula of this 
kind are eaaily conalxnoted, and tliat the notion of atomicity, thus 
extended to moleoolar combinationa, ia very elaetjo. More may be 
deduced from it. The facta which we are now discossiDg should 
follow froia it BS necessary consequeDces, aa the constittttion of ttie 
combinations of caibon and the interpretation of their numerous 
iaomeis ftdlow aa a natural eonseqaenoe from the notion of qnadrj- 
-valent carbon. It must be confessed that this is not so in the pre- 
sent case. I have, nevertbeleas, given the preceding formulae, for it 
seemed to me that the idea of referring to the atoms themselves 
all diemaniteitatioiiB of chemical force is worfiy of attention. It 
is a stepping-stone towards a more general hypothesis, which will 
allow the rational coordination and esact representation of all the 
intermolecular forces — chemical energy, atomicity, cohesion, force 
of crystallisation, and force of solution. , 
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atom of platinum cannot unite with six atoms of chlo- 
rine (as osmium in OsClg), it can unite with five atoms 
of chlorine and one of potassium and form the doable 
chloiide 

a ,ci 



where it plays the part of a hezatomic or sexvalent 
element. This does not present any difficulty, for we 
merely admit a fact analogous to what we have re- 
marked in connection with ammonia and other com- 
pounds — namely, that an atom of nitrogen cannot unite 
with five atoms of hydrogen, but that it can unite with 
four atoms of hydrogen and with one atom of chlorine. 
Our considerations upon molecular equilibrium in sal 
ammoniac also apply here. 

Double salts generally contain one or more poly- 
atomic metals; in every case they contain elements 
which are or can become polyatomic and thus exchange 
supplementary atomicities with similar elements of a 
second saline molecule (see Note I. in the Appendix). 

As to water of crystallisation, we might admit with 
Friedel that it is attached to the salts by the supple- 
mentary atomicities of the oxygen, which tends to 
become quadrivalent. But this hypothesis, the develop- 
ment of which will be found in Note II, in the Appendix, 
we bring forward with reserve, and shall con&ne our- 
selves to a few short observations, upon this phenomenon 
of water of crystallisation, which is the extreme limit of 
physical and chemical actions. 

We have admitted above that when calcium chloride 
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is dissolved in water a chemical combination, properly 
so called, la formed. This salt unites, in fact, with 
water with evolution of heat, the combiiiation remain- 
ing dissolved in the water. This is a chemical 
phenomenon ; it ie independent of the physical fact of 
crystallisation and of change of st^te. We know, in fact, 
from the ingenious experiments of RiidorfT ' and Coppet * 
upon the crystallisation of saturated solutions, that the 
combination with water of crystallisation, passing in 
some manner the point of solidification, remains in 
solution. But, independently of this chemical phenome- 
non, which, like all others, obeys the law of definite 
proportions, there may be another fact to be observed — 
namely, a physical condition, a change of state which 
intervenes — crystallisation. 

Crystalline form is undoubtedly connected with the . 
atomic structure. In connection with this point we - 
should notice the important work of Ciaudin; ' but 
before certain chemical molecules can assume certain 
crystalline forms we can well imagine that they mtist 
attract other molecules — water, for example, alcohol, or 
ether. And this aggregation of molecules must take 
place in definite proportions, the physical structure of 
the crystals only allowing the intervention of a definite 

' Pogg., -4b«., t. cii7. p. 63, 1861 ; t. cxvi. p. BB, 1862 ; t, cilix. 

' Ann. de Cldm. et de Pkyi., t. sziii. p. 366, 1S71 ; t xxt. p. 602, 
and t. nvi. p. 98, 1872. 

' This work woold have been more lemarkable and moTe pro- 
ductive if Gaodin, instead of devoting himaeli exd.naivelj' to the 
idea of sjmmetiy in molecules, liad bestowed more attention upon 
'Chemical consideratious, as be did so successfully some time a){o 
with respect to the molecular constitution of silicon chloride and 
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number of molecules. This is the idea vhich Berthollet 
applied to combiuatioDS in general. The fixed propor- 
tions, he asserted, are determined by physical coaditions 
of insolubility, change of state, and crystallisation. The 
fixed proportions, we assert, in these aggregations of 
molecules, which constitute crystals, are governed by the 
physical conditions and the geometrical necessities of 
crystallisation. The phenomena which give rise to these 
molecular aggregations are therefore both chemical and 
physical in nature, and are the continuation «f the 
chemical phenomena properly fio called. 



V. 

The preceding remarks show the meaning which we 
attach to the notion of atomicity. We should be over- 
looking another feature of our subject if we did not draw 
attention to the &ict that the changes in the saturating 
capacity of elements — that is to say, the increase in 
atomicity — are generally found to take place in a series 
either of even numbers or of uneven numbers. With- 
out enumerating all the simple bodies, we may give the 
most striking examples of this lact. 

Elements of Even Atomicity. 

The increase of atomicity follows a series of even 
numbers in the elements belonging to the following 
groups: — 

I. Oxygen Group. — Oxygen is bivalent. Sulphur, 
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selenimn, and tellurium are bivalent, quadrivalent, and 
sexvalent. 

II. Carbon Group. — Carbon, silicon, titanium, zir- 
conium, and tin are quadrivalent, or bivalent and 
quadrivalent. 

III. Groups of Metale of even AtomU^ty. — 
Calcium, magnesium, zinc, iron, manganese : bivalent 
and quadrivalent. Chromium, molybdenum, and 
tungsten : bivalent, quadrivalent, and sexvalent. Pla- 
tinum, palladium, &c. : bivalent, quadrivalent, sexva~ 
lent, and octovaleut. 



MeTnenis of Uneven Atomicity. 

The increase in atomicity follows a series of tmeven 
numbers in the elements belonging to the subjoined 
groups : — 

I. Hydrogen Group, — Hydrogen, alkaline metals, 
silver, gold, and thalliimi : univalent and trivalent. 

II. Cklonne Group. — Chlorine, bromine, and 
iodine: univalent, trivalent, quinquivalent, and septi- 
valent. 

III. Nitrogen Group. — Nitrogen, phosphorus, arse- 
nic : trivalent and quinquivalent. Vanadium, anti- 
mony, bismuth, niobium, tantalum : triv^ent and quin- 
quivalent. 

This distinction between the elements of even atomi- 
city and those of uneven atomicity is not, for some 
elements at least, without importance. Why, amongst 
so many -combinations of carbon and hydrogen, do we 
meet with none which contain an uneven number of 
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hj-drogen atoms ? Became the atomicity of carbon is 
even, and the valencj of its atoms in combinatioDs is 
expresBed by the nambere 2 and 4, neTer by the nnm- 
bers 1 and 3. This is the case with carbon, and 
doubtless also for other elements, though it must be 
confessed that theie are exceptions to this rule. 

Nitrogen, univalent in the piotoside wyO, is bi- 
valent in the dioxide KO. 

Chlorine, quadrivalent in the peroxide CIO,, is 
quinquivalent in chloric acid, ClOj(OH). 

Manganese, bivalent in MnClj and in MnO, and 
sexvalent in potassium manganate, MnO/OK)^, is 
septivalent in the permanganate MnOj(OE). 

Tungsten, quinquivalent in ^he pentachloride 
WClj, is sexvalent in the hesachloride WCl^ 

Uranium, bivalent in the dichloride UClj, is tri- 
valent in uranyl chloride, UOCl, and quinquivalent in the 
pentachloride UCIj. 

Vanadium, trivalent in the trichloride VC!,, is 
quadrivalent in vanadyl dichloride, VOCl, and quin- 
quivalent in vanadyl trichloride, VOCI3. 

The consideration with which we close this chapter 
— namely, the increase in atomicities — brings us back to 
our starting point — namely, multiple proportions. They 
are fundamentally considerations upon atomicity, and are 
the same facts which formerly guided Dalton in the state- 
ment of his law, and which at the present time lead us 
to attribute to elements combining values difTeiing with 
the form of the compound in which they occur. Thus 
the notion of atomicity follows the direct interpretation 



vGoogIc 



258 THE ATOMIC THEOKT. 

«f facts. It rests upon a solid foundation. Id ite turn 
it aUows us to connect, interpret, and even foresee a gieat 
number of facta. It is therefore useful, because it is 
productive^ and we shall retain it until it is lost in a 
more general notion embiacing a greater number of 
&its. 
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CHAPTER III. 



CONSTITUTION OF fiODIBS DEDUCED FBOH THB THEORT 
Of AIOHICITT. 



"We have endeavoured in the preceding pages to 
defipe the notion of atomicity, or the valency of atoms. 
It now remains to show that this notion lies at the base 
of all the partial theories which have been brought 
forward by chemists during the last fifty years, and 
especially to show how it accomfits for the properties of 
those groups of atoms which we call radicals, and which 
have played so important a part in doctrines relative 
to the constitution of chemical compounds. There 
was a time when chemists could confine themselves to 
the consideration of radicals ; in the written language 
of formulse they were contented to represent them by 
distinct expressions, which were isolated from the other 
elements. They have now gone beyond this. Thanks 
to the indications furnished by ideas upon the satu- 
ration of atoms by each other — that is to say, hy the 
theory of atomicity — they have succeeded in resolving 
these radicals, in discovering their mode of generation 
and their structure, and in determining in a plausible 
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manner the connectionB which exist between atoms in 
combinations. This ia the path which chemistry has 
recently followed, and how rapid has been the progress 
in this direction during the last twenty years! how 
many obscurities have vanished in the difficult problem 
of the intimate structm^ of chemical molecules, a pro- 
blem the solution of which Gerhardt declared to be im- 
possible I and, finally, what light has been thrown upon 
th^ question of isomerism, which has taken such an 
important position in chemistry ! We must prove this 
before concluding. 

Grerhardt's types expressed different forms of com- 
bination (p. 211). The hydrochloric acid type repre- 
sented the combination of two univalent elements ; 
the water type, the union of a bivalent atom with two 
univalent atoms; the ammonia type, the combination 
of a trivalent atom with three imivalent atoms. These 
types, then, were not taken at chance; this concep- 
tion was founded upon a profound idea, the form of 
which only has become antiquated, but which was fan- 
damentally true, and which brought to light for the first 
time the difierences between the combining capacities 
of elements. The very existence of the water type 
depends upon the combining capacity of oxygen, which 
requires for saturation two univalent elements, while 
chlorine only requires one. A single atom of oxygen 
can therefore fix not only two univalent atoms, but also 
groups of atoms which are one univalent atom short of 
saturation and the combining capacity of which is 
represented by that of this univalent atom. The number 
of these combinations, in which oxygen fixes two oniva- 
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lent atoms or reaiduea, and acts as a kind of link between 
them, is very considerable ; hence the richness of the 
water type. The same remarks apply to the ammonia 
type ; it ia therefore unnecessary to repeat them. We will 
merely remark that the brackets employed by Gerhardt, 
and which are still in general use, indicate that several 
elements or residues are united collectively to another 
element, an union or connection which is now ezpiessed 
more clearly by strokes which mark the exchanges of 
units of saturation. The following symbols are there- 
fore identical : — 

Tjidcal Foimalte. 
= } - H^H 

i}0 - g>OorH~(^H 
HI H 

H ^N - H-^N 

hJ h-^ 

But to retnm to the residues or radicals which we 
havejustmentioned. Wehave remarked that their sub- 
stituting or combinating value is related to the state 
of saturation of the atoms. 

Thus radicals composed of carbon and hydrogen are 
derived from saturated hydrocarbons by the loss of one, 
two, three, or four atoms of hydrogen, and we have seen 
howthetheory of atomicity accounts forthe state of satu- 
ration of the hydrocarbons of the series C„H„4.,(p. 213). 
These remarks may be extended to all chemical com- 
pounds. Their molecules may be considered as saturated 
when the combining capacities of their respective atoms 
are exhausted. Such molecules cannot increase by direct 
fixation of other atoms ; they can only be modified by 
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Bubetitution, But -when they are deprived of atoms or 
groups of atoms representiug one, two, threo, or four 
^-aleucies or unitB of saturation, the residues acquire a 
combioing capacity or a substituting value correspond- 
iag to the loss which they have experienced. They 
become, after this loea, univalent, bivalent, trivalent, or 
quadrivalent radicals. Below are some examples : — 

BstDiated UDlHniles. Itoi 

Water, H,0 — H 

Ammonia, NH, — H 

MethflQe, CH, — H 

Hydrocrajiic acid, HNC — H 

Ethane, A — H 

Beniene, C.H, — H 

Alcohol, cJh,-OH — H 

C^,-OH — H 

Acetic acid, C,H,0-OH — H 

Ethylene bromide, C,H,Br, —Br 

Antlmonyl chloride, SbOCl —CI 

TTranyl chloride, UOCl —CI 

AoBtio acid. C,H,0-OH —(OH)' ■ 

Bonzoio acid, C,H,0-OH — (OH)* ■ 

Nitric acid, NO,-OH — <0H)' 

Nitrous acid, KO-OH —lOB.y 



Glyoollioacid, C^,(OHyO-OH— (OH)' = 

fltycollic acid, CjH/OHyO-OH— <0H)' 
Boric add, BO--OH —(OH) 

Eabintal Uolemlss. 

Ammooia, NH, — H, 

Hthane, CjH, — H, 

Ethylene bromide, CjH,Br, — Br, 

Carbon dioxide, 00, —0 



toiplc or UnlnleDt Rsdlali. 

-(OH)'hydroxjl. 

=(NH,)' amidi^en. 

.(CH,y methyl. 

■(CN)' cyanogen. 

.(C,H,y ethyl. 

■CC.H,y phenyl. 

■{C^.Oy oieth jL 

^rCC^.-OH)' hydroi- 

°l ethylene. 

"(CjH,0-0)' oiacetyl, 

<C^,Br)' bromethyL 

=C8bO)' antimonyl. 

-(UrO)' uranyl. 

=(C^,Oy acetyl. 

=(C,H,Oy benzoyl. 

=(N0,) nitryl. 

::CNOy nitro^l. 
r(C,H,0-0Hy 1st uni- 
< valent radical oE 
L gljcollic acid. 
r(C,H,COH)'0)' 2nd 
= -J nnivalent radical 

L of glyoollic floid. 
=:(BO)'boryl. 

DiaUmlB or BlTSIent Badlaln. 
^QUR)" imidogen. 
-(CAr ethylene. 
-"(O^,)" ethylene. 
^f(CO) catbonyl (c«r- 
\ bon monoxide). 
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Batiinted HcA«od1«. fiiatomlc or BlF&Iiint Badlcalt. 

Catbonyl chloride, COCl, -CI. _/(C0) carboEjl (car- 

L bon monoxiiJe), 
BeiiKjne, C,H. — H, =(C,H,y phenylene. 

Sniphnric acid, SOjCOH), — 2(0H)'— (80,)" sulphnryl. 

Oxalic acid, C.G^OH), — 2(0Hy=(C,0,)" oxaljl. 

SEOOinic add, CjH,0,(OH), — 2(0H)'=(C,H,0,)" Bnocinyl. 

|-(C^,0)" bivalent 
Glycollic acid, C^^OH)0-OH — a(OH)'=^ radical of glycollic 

L acid (glycoUyl). 

Malic acid, C.HA -H, =/(C.H.O.)" fumari" 

L and maleic acids. 
Propylic alcohol, C,H,0 — H, =(C,H,0)" allylic alcohol. 

SutnTBted iStDleculH. Trlatomlo oi TEiTolent BtdlosU. 

-H, =(C,H.rglrc«7l- 
—CI, — (POy" phosphoryl. 

SstarstM UolecDla. Tvta^oniie or QnadrlnleDt Badlcali. 

Ethane, CjH, — H, — C,H, acetylene. 

Propane, C.H, — H, =C,H, allylene. 

Tetiane, CjH,, — H, =C,H, crotonylene. 

Some of the radicak thus formed can exist in a free 
state ; others cannot be ieolated, combining, when 
nascent, with each other and doubling their molecule. 
The monatomic radicals which we have enumeratedabove 
must all he included in the latter category ; not one 
exists in a free stat«. Hydroxyl, OH, does not exist; 
combined with itself it constitutes hydrogen peroxide, 
H,0, = HO-OH. All attempts have as yet been unsuc- 
cessful to isolate double amidogen, 1^,11, = H^N-NHj, 
but substitution derivatives of this body are 
known. It is well known that free cyanogen contains 
C,N, =NC-CN = 2 volumes. As to methyl, the 
moment it is separated from iodine — for example, iu 
methyl iodide — it doubles its molecule to form free 
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methyl or ethane, C,Hg=H,C-CHg=2 volumes. The 
case ia the same with ethyl, phenyl, and generally with 
all the radicals of saturated monatomic alcohols. The 
radicalB of monobasic acids, such as acetyl and benzoyl, 
neither esist free nor in a state of doable combination. 
On the other hand, Brodie has described, as peiozides 
of acetyl and benzoyl, compomids which may be r^arded 
as resulting from the union of two molecules of oxacetjl 
or o^benzoyl. 

(C,H,O-0), peroxide of acetyl. 
(C,HiO-0), peroxide of benzoyl, 

As regards diatomic radicals, a great number of them 
exist in a free state. This is the case with ethylene 
and its homologues, with caihou monoxide or carbonyl, 
with sulphurous acid gas or aulphuryl, with nitrogen per- 
oxide or nitiyl, with nitrogen dioxide or nitrosyl. The 
tetratomic radicals, acetylene, allylene, and crotonylene, 
are known in a free state. We observe that all these 
bodies behave exactly like radicals in the sense which 
was formerly attached to this term j for are they not 
capable of combining directly with simple bodies, such 
as chlorine ? The chlorides of carbonyl, sulphuryl, 
ethylene, and acetylene are formed by the direct union 
of chlorine with the isolated radicals, just as the metal- 
lic chlorides are formed by the direct union of chlorine 
with a metal. And ethylene fixes two atoms of chlorine, 
because its saturation is incomplete by two atoms of 
hydrogen. As to the oxygenated radicals, carbonyl and 
sulphuryl, they can fix not only two atoms of chlorine, 
but even an atom of oxygen to form the carbonic and 



vGoogIc 



CONSTITDTION OP COMPOUNDS. 265 

sulphuric aub^drides CO, aud SO,. All tMs is too 
simple and too well known to require further remark. 
We will only add that the triatomic ladicale containing 
carbon, such as glyceryl, (C,H,), do not exist in a free 
state. Free alljl or diallyl, (C,Hj)„ has doubled its 
molecule. 

These are facts which we have just discussed. We 
must now show how they are accounted for by theory. 

Carbon of even atomicity is united in all its com- 
binations to a number of elements representing an even 
sum of units of saturation. This is why the groups 
CH, and CN do not exist separately. In these groups 
the three atoms of hydrogen and the atom of nitrc^n 
represent an uneven numba" of units of saturation. 
They both require one atom of hydrogen to form the 
saturated combinations CH^ and CNH ; their combin- 
ing or subetituting value is equal, therefore, to that of 
one atom of hydrogen, and where an atom of hydrogen is 
wanting they can fill its place. They can also, by com- 
bining together, supply their mutual deficiency. In this 
manner are formed the compounds HjC-CHg free 
methyl, NC-CN free cyanogen, H,C-CN methyl cya- 
nide. But it is an important fact that the combination of 
these groups with each other is accomplished by the car- 
bon atoms. These are the atoms which are not saturated 
in their affinities, which are mutually impelled towards 
each other in order to satisfy them. This is the new and 
essential point. The properties of the radicals are referred 
to the atoms themselves. Formerly they were considered 
as a whole. To the radical regarded as a whole was at- 
tributed the power of combining with or of being Bub- 
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stituted for simple bodies. This was the fundamental 
point of view of Gerhardt's theory of types. We now go 
further. To discover and define the properties of radi- 
cals we go back to the atoms of which they are composed, 
and thus substitute a general hypothesis for a particular 
theory — namely, that the atomicity of radicals is sub- 
ordinate to the atomicity of the elements. Thus methyl 
and cyanogen are monatomic or imivaleut radioale, 
because they contain the quadrivalent element carbon, 
which is not saturated. And this is the case also with 
radicals of higher atomicity. Why does carbonic mon- 
oxide act as a diatomic radical ? Because the carbon 
which it contains is not saturated. Why, again, does 
ethylene, C,H,, fix two atoms of chlorine or bromine, 
thusacting as a diatomic radical? Because both the atoms 
of carbon which it contains are unBaturat«d ; both can 
therefore directly fix other atoms, without breaking the 
link by which the two carbon atoms aire riveted together. 
But we must look more closely into the mattei. 
Everything leads us to admit that in ethylene, CjH„ 
the two carbon atoms each attract two atoms of 
hydrt^n, and that these two atoms of carbon, both of 
which are quadrivalent, can only satisfy the combining 
capacity residing in them by mutually exchai^ing hoo 
units of saturation, after having both fixed two atoms 
of hydrogen. We are thus forced to regard ethylene, 
and consequently analogous hydrocarbons, as containing 
two carbon atoms united by a double link — that is to say, 
by a double exchange of units of saturation — and this 
is the manner in which we must understand the formula 
H,C = CHj = CjH,, by which a great number of chemists 
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represent the constitution of ethylene. But it may be 
objected that this is pure fiction, and that it would be 
simpler to admit that in ethylene carboa plays the part 
of a trivalent element, HjC-CH„ the two (feirbon atoms 
being united by a aingle exchange of atomicities. It is 
not a fiction, it is in accordance with &cte, for we must 
not forget that all known hydrocarbons contain an 
e qual number of hydrogen atoms. This would not be-^-ofrvi-* 
the case if carbon could play the part of a triatomic or 
trivalent element; if so, methyl, CH,, and ethyl, CjH„ 
should exist in a free state. We must, therefore, con- 
clude, taking experiment as our authority, that in the 
combinations of carbon and hydrogen carbon ia never 
bivalent, as it is in carbon monoxide ; methylene, CHj, 
does not exist : that it ia never trivalent ; methyl, CH^, 
and ethyl, CjHj, do not exist. It is therefore quadriva- 
lent or tetratomic, and we are thus led to admit that 
carbon atoms have the faculty of exchanging with each 
other several units of saturation. But the combination 
thus constituted is in a state of unstable equilibrium, 
which is destroyed by the intervention of chlorine. The 
latter can fix itself upon molecules so formed, thus 
destroying the double link and constitnting a perfectly 
saturated molecule. It is true that the aflSnity of carbon 
for carbon is strong ; but when two atoms of this simple 
body have exchanged two units of saturation this 
affinity cannot stand, as far as the second bond is 
concerned, against that of chlorine, which tends to fix 
itself on to both the groups CHj. The following 
formulae will explain this view of the case : — 
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Ethylene and analogous radicals have, therefore, the 
power of directly fixing chlorine and other elements, 
because they contain atoms of carbon, the combining 
capacity of which is not exhausted ; since it is twice 
exerted between carbon atoms, it can still be manifested 
towards the atoms of chlorine. The latter severally fix 
themselves upon an atom of carbon in olefiant gas, 
although they refuse to unite directly with free carbon ; 
the affinities of this body are, in tact, very different 
according as it is considered in the state of a simple 
compact and condensed body, C„, or in a state of com- 
lonation with hydrogen and in a gaseous form.' 

' It ia s circnmatance worthy of remark that cUorine or bromine, 
which do not unite with free carbon, as does oxygea, oan fix them- 
selvea directly npon the aosatoiated hy drocaibous, which oxygen 
caDUOt do. Ate we to conclnde that the chlorine is attracted, not 
by lite carbon, but by the entire ethylene groap acting aa a radical, 
as was formerly snppoacd ? This would be going a step backwaids. 
In my opinion it is nnqnestionably the nnsatarated carbon which 
attracts or admits the chlorine : it attracte it becanse it occma in 
giaetna combination with hydrogen ; it admits it because there are 
two vacant places in the system. The saturated hydrocarbon C3,H, 
also attracts chlorine ; but, as there is no vacant place in the system, 
it can only admit it by losing two atoms of hydrogen. The hydrogen 
atoms eeem, therefore, to exercise an inSuence upon the property 
possessed by carbon of fixing chlorine — that is to say, of admitting 
this element into its sphere of action. Such an iaflnence is exer- 
cised in other instances and bj other elements. Ethylene, which fixes 
chlorine, is incapable of directly fixing oxygen, but dibromethylene, 
CjHjBrp can lix it, according to Demole, to form the compound 
CiHjBrO-Br (bromacetyl bromide). In this case, as in the former, 
the aSnities of carbon have been modified by the intervention of 
otlier elements — hydrogen or bromine. 
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The foregoing considerations upon the hydrocarlKiii 
radicals apply to all compounds capable of directly 
fixing elements, which compounds, in virtue of this 
property, resemble radicals. These elements are 
attracted by one or other of the unsaturated atoms 
contained by the compound in question. Let us take 
some examples. 

Carbon monoxide can directly fix oxygen or chlorine 
because the bivalent carbon wbicb it contains is not 
saturated. In carbonyl chloride and carbon dioxide 
the carbon has become quadrivalent, hike carbon 
monoxide, sulphiuous acid gas can fix oxygen or chlorine, 
and it is the sulphur which attracts these elements. In 
sulphuiyl chloride and in anhydrous sulphuric acid the 
sulphur has become sexvalent.' 

Phosphorus trichloride, in fixing directly two atoms 
of chlorine, behaves, in some respects, like a radical, 
and it owes this property to the unsaturated phosphorus 

' Sulpborons add gas being S'*0, or = 8''0b snlphtujl oblaride is 

The formnla ^"Cnni' which might be attributed to anlpbatyl 
chloride, does not seem to us probable, since ozjgen doea not possess 
ADf tendeno; to unite with chlorine, snd because the properties of 
sulphur;! chloride are not those of abodif containing the bjpo- 
chlorona residue OCl, which would decompose with explosion. We 
m^ add that selenium and tellorinm are manifestly quadrivalent 
in the tettachlorides and sexvalent in the anhydrides and selenic 
and tellniic acids. 
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which it contains. The difference between the two 
views of the mode of action displayed by radicals is 
here shown in a most striking manner. It was 
formerly maintained that phosphorus pentachloride 
should be regarded as a combination of phosphorus tri- 
chloride nith chlorine ; the trichloride exists in it as a 
whole, as a radical endowed, as such, with a power of 
combiostion. We say now that the trichloride can 
take up chlorine because the phosphorus which it 
contains is not saturated ; in the pentachloride phos- 
phorus is united directly with 6ve atoms of chlorine, 
and when phosphorus trichloride takes up two atoms 
of chlorine the latter are attracted by the unsaturated 
atom of phosphorus. When phosphene fixes hydriodic 
acid, or when ammonia unites directly with hydro- 
chloric acid, they also act as radicals, and owe this 
property to the atom of phosphorus or of nitrogen 
which they contain, both of which show a tendency to 
become further saturated. In hydriodate of phosphene 
(phosphonium iodide), as in hydrochlorate of ammonia 
(ammonium chloride), they become quinquivalent. 

In organo-metallic radicals properly so called we 
find properties of the same order, which we interpret in 
the same manner. And it must be confessed that these 
ideas upon the saturating capacity of elements, a 
capacity varying with the combinations in which they 
occur, are the natural consequence of the experiments 
undertaken twenty years ago upon the class of com- 
pounds in question. We refer to the classical dis- 
coveries of Frankland, Baeyer, Cahonrs, and the 
ingenious views which they introduced into science. 
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When Fiankland compared with each other stannic 
iodide, etannethyl iodide, and stannic ethide, expressing 
the composition of these bodies by the formulEe 

surely he showed by this notation that in these three 
bodies iodine and ethyl are combined in the same 
zmumer with tin, and that stannethyl, SnC^Hg, only 
plays the part of radical becanse the tin which it 
contains tends to pass into the state in which it exists 
in stannic iodide. Stannetbyl, SnEt, has just as much 
claim to be considered as a radical aa stannous iodide, 
and in both cases it is the tin itself, and not the 
radical considered as a whole, which attracts the iodine. 
And in his masterly statement of the theory of the 
saturation in the organo-metallic compounds of tin 
Cahours referred the power of attracting either chlorine, 
methyl, or ethyl, in order to attain a stable molecular 
equilibrium, to the tin itself, so that the general com- 
position of all these saturated compounds might be 
expressed by the formula 

SnX,.* 

■ These fonnnlx: are OD the old notation : C^6,Sa-69. 

= Cahours wrote 6n,S,. Withthe atomic weight of tin, Sn= 118, 
this ezpreusioD becomes 8tiX„ and the saturated oompoimdB of tin 
receive, in oonaequence, the followit^ formulie : — 
SnCl, -StoI. stannic chloride. 
SnKt, -2 vol. stannic ethide. 
SnMe, •■2 vol. stannic methide 
ISnEt,Me, = 2 vol. stannic dietho-dimethide. 
SnEtMe, = 2 vol. stannic etho.trimethide. 
SnBtiMe ■> 2 voL stannic trietho-mcthide. 
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The condition of tin in these compounds differs, 
tlieiefore, from that which it occupies in the stannous 
compounds SnX, ; ' in the latter case it can attract ele- 
ments or groups representing a combining value X,, 
which it is incapable of doing in its saturated com- 
pounds. 

The same remarks apply to arsenic in its methyl 
compounds; they belong to the two types AaXj and 
AsXj. Now, Baeyer proved as early as 1858 that in the 
compounds of both series arsenic is united in the same 
manner to methyl and chlorine. 

Tjpa AiX.. lyps AiX, 

AaMe,Cl tetramethjl-araomnin cMoride. AaMe, trimetbylarBuie. 
AfiMBgCl, triiQetbjlarBine dichloride. ABMe,Cl ^methylaTaine 

monochloride. 
AalleJJl, dimethflarsine tricblorid?. AsMeCl, moiiQmetbflai- 

sine diidiloride. 
AaMeClf raonomethflajBiiietetiachloride. AsCl, aisenic Mdilo- 

This eminent chemist showed that the methyl com- 
pounds belonging to the type AsX, can directly fix CI, 
and play the part of radicals. We say that this is the 
case because arsenic, trivaleiit in these compounds, tends 
to become quinquivalent in those in which it is saturated. 
And we see at once from this example that the limits of 
saturation are variable for each element, and subordinate 
to the nature of the simple bodies or groups with which 

SnEtgCl -^2 vol. st&nnic cbloro-trieUude (cMoiideof seaqnistami- 

ethyl). 
SnBt^ =3 vol. Btenniciodo-trietldde (iodide of sesquistannBthyl), 
SnMe^ -3 vol. stamiic diodo-dimethide (iodide of atanno-dime- 
thyl). 
' OrnSuX,. 
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this element is combined. Aisenic is eatuiated with 
chlorine in the trichloride ss it is Haturated with 
hydrogen in the trihydride. It is no longer Baturated 
in the methyl compounds corresponding to the trichloride. 
The compounds AsMeCl,, AsMejCl, AsMe^, can- directly 
fixCV 

There ia, we think, no need to add fiuiher examples 
to those which we have already given. We have 
demonstrated and proved the fundamental point which 
.we wished to bring forward — namely, that the pro- 
perties of radicals capable of fixing other elements, 
after the manner of simple bodies, must be referred 
to the properties of the atomis contained in these 
radicals. 

The same view mnst be extended to the residues or 
remains of various atomicity, which cannot be isolated 
as such, but of which the individual existence is 
admitted by the theory of radicals and types in organic 
compounds and in a great number of mineral com- 
pounds. Methyl, CHj, ethyl, C,Hg, acetyl, C,H,0, 
glyceryl, CjHj (allyl), and many other analogous 
radicals do not exist ; when we try to liberate them, 
they deatroy themselves in combining with each other 
and doubling their molecule. The reason of this is that 
these radicals contain carbon, which is always of even 
atomicity ; one of their carbon atoms, being combined 
with a sum of elements representing an uneven number 
of units of saturation, tends to complete this saturation. 
Thus CH, unites with H, or with CI, or with OH, or 
with NH,, or with CH^ to form the following saturated 
compounds : — 
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CH,H narsli gas (loethjl hydride), 
CH,C1 methyl chloride, 
C^OH)' methjl hydrate, 
CH/NH,y metbylamioe, 
CH^CH,)' free mebbjl or efhatie. 

In marsh g^ the four atoms of hydrogen are united 
to the carbon in the same manner, and if we give to 
this body the name of methyl hydride it ie simply to 
show that one of these hydrogen atoms — it matters little 
which — can be replaced by a chlorine atom or by a 
monatomic group. In methyl hydrate, HjC — 0"H, the 
carbon atom completes its saturation by uniting with 
an atom of oxygen ; but, as the latter is bivalent, one 
atomicity remains &ee or disposable ; it is satisfied by 
an atom of hydrogen. The same view may be taken of 
methylamine, HjC — N"'H,, in which the nitrogen 
saturates by one of its atomicities the carbon atom 
of the methyl, and by two others the two atoms of 
hydrogen. The two latter are not directly connected 
with the atom of carbon ; they are united to the nitro- 
gen atom, and, as it were, attached to it. In methyl 
oxide, HgC — 0" — CHg, the bivalent oxygen completes 
the saturation of the two carbon atoms of two methy- 
lic groups. In free methyl or ethane, HgC — CH,, 
the two carbon atoms reciprocally complete their satu- 
ration. 

Such is the new conception of radicals, a conception 
founded upon the atomicity of elements, and which is 
translated into notation by the preceding formulae, 
the signification of which must now be intelligible to 
alL These formulae, founded upon the theory of the 
reciprocal saturation of elements, allow the demonstrsF 
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tion of the molecular atructure of methyl compounds ; 
they indicate the relatiooB which exist between the 
several atoms composing the molecule ; they also express 
the mode of generation and the properties of the com- 
pounds in question. 

In methyl hydrate, methyl oxide, and in methyla- 
mine the molecule is easily broken up ; the oxygen and 
nitn^en are again separated from the carbon, the 
methyl group passing by exchange into other compounds. 
Thtis, for example, hydrochloric acid easily converts 
methyl hydrate into methyl chloride, with formation of 
water. We have here a double decomposition, in which 
the radical passes intact from the hydrate into the 
chloride. This facility of exchange, which is exhibited 
by radicals in an immense number of reactions, was ex- 
pressed most clearly by the typical notation. But it is 
a remarkable fact that this property does not extend 
to tree methyl or ethane, since the carbon is firmly 
riveted to carbon, which explains, on modem ideas, 
the relative stability of this compound, a fact which 
caused so much surprise to chemists twenty-five years 
^o. 

Let us go a step further in this direction, and now 
consider a radical containing two atoms of carbon — ethyl, 
CjHj. This is ethane minus an atom of hydrogen : one 
of the carbon atoms is united with only two atoms of 
hydrogen. It is the latter which is not saturated and 
which, to complete its saturation, can attract, as in the 
preceding case, an atom of hydrogen, chlorine, bromine, 
or a monatomic group. 
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CH, CH, CH, CH, CH, CH, CH, CH, CH, 

CH, CH, CH, CH, CH,— 0— CH, CH, OH, CH, 

I I I I III 

" ' "" NH, CN CH, 



In all these compoundB we notice a part which is 
commoQ to all, forming as it were the solid nuclens of the 
molecule, upoa which are riveted, and as it were grafted, 
the various appendices. And in a great numher of 
reactions this molecnle will break up in such a manner 
that the appendices alone are removed, the nucleus 
remaining intact, and passing by exchange into another 
combination ; one ethyl compound is thus converted into 
another ethyl compound. This, however, is not always 
the case. Ethyl iodide and ethyl cyanide, though analo- 
goua compounds, do not behave in the same manner 
under the influence of potash : the former yields alcohol 
by double decomposition ; the latter propionic acid, a 
compound containing three atoms of carbon, like the 
cyanide itself.' Thus iodine is easily separated &om the 
atom of carbon to which it is united, whilst the carbon 
atom of the cyanogen refuses to be separated. In this 
case it is as strongly united to carbon as the carbon atom 
of methyl in ethyl methide or propane. The strong 
affinity of carbon for carbon accounts for the diversity of 
these reactioiiB, which was an enigma in the old theory 
' CH, CH, CH, CH, 

J I J I 



I - CH,+ E 



CH, + 3H,0 = CH, 
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of radicals. This clearly shows the difference between 
the two points of view. In the old conception we have 
a group of atoms considered as a whole and united as 
such either to iodine or to cyanogen : in the modem 
conception, a group of atoms constituted in a certain 
manner and containing a certain atom of carbon united 
either to iodine or to cyanogen. In the former case the 
radical acta as a whole ; in the latter it is resolved into 
di£Ferent elements and exhibits its activity by one of its 
carbon atoms, which is not saturated. 

The ease which we have just described is general. 
Hydrocarbon radicals analt^ous to ethyl can be resolved 
as we have just resolved liis radical, the carbon atoms 
being united together and the hydrogen atoms unequally 
distributed amongst the carbon atoms. One of the 
latter will contain oile less than it requires for satura- 
tion : this is the atom upon which other univalent 
elements or groups can fix themselves, by which the 
hydrocarbon group as a whole will act as a radical. 

These ideas are applicable to the oxygen radicals 
derived from the former. Acetic acid contaiilB such a 
radical : acetyl is ethyl modified by substitution. 

OH, CH, 



In this oxygenised radical the atom of carbon com- 
bined with the oxygen appears in the same state of 
saturation as in ethyl, where it is united with' two atoms 
of hydrogen. It is this carbon atom which fixes chlo- 
rine in acetyl chloride, hydrogen in aldehyde, hydroxyl 
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in acetic acid, the group NH, in acetamide, and oxygen 
in acetic anhydride. 

OH, CH, CH, CH, CH, CH, 

coca ooH CO— (OH)' co-(NHj io— O"— OC 

AobM Aldabjds. ActtioixtO. AoaUmlde. Aoetla uihjdrUs. 



III. 

We have now made an important Btep, by showing 
how radicak can be resolved into definite atomic gronps, 
in which we try to establish, by means of coosiderations 
founded on atomicity, the relations which exist between 
the atoms, the group acting as a radical whenever one 
or other of these atoms exists in an unsaturated state. 
It is evident that the formulae which are developed 
according to the principles just explained, and which 
naturally increase in complication with the number of 
carbon atoms contained in the oi^nic compound, do not 
represent the position of the atoms in space; being 
represented upon one plane, they cannot represent the 
fona of a molecule which would occupy three dimen- 
sions in space. They only indicate, therefore, connections 
or, if yon will, relations of juxtaposition. And these 
indications, incomplete though they are, are invaluable 
in a great number of cases. We must add, however, 
that attempts have been made to go a step further by 
forming hypotheses upon the geometrical structure of 
certain molecules and upon the probable grouping of 
atoma in space. We shall say a few words upon this 
presently. 
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Badicala contaiomg carbon are by far the moat 
numerous Id chemiatrj ; they are not, however, the 
only ones, and it has long been impossible to consider as 
correct Liebig'a definition — organic chemiatry'is the 
chemistry of compound radicals. The principles which 
we have just discussed may be applied to all groups 
acting as radicals, some of which we have enumerated on 
p. 262. Why does phosphoryl, the exiatenee of which 
has been admitted in phosphoryl chloride, PO.Olg, and 
in orthophoaphoric acid, PO.(OH)(, play the part of a 
trivalent radical ? Because it contains quinquivalent 
phosphorus. The latter has, by its union with oxygen, 
lost only two units of saturation ; it has, therefore, three 
more to dispose of in some way, and these are represented 
in the chloride by three atoms of chlorine, and in phos- 
phoric acid by three hydrcnyl groups. In these bodies the 
single atom of phosphorus is therefore in connection 
( 1st) with an atom of oxygen, (2ndly) with three atoms 
of chlorine or with the oxygen atoms of the groups OH. 
The formulae 

Cl\ H0\ 

Cl-^P=0 and H0--^=0 

CI/ HO/ ^ 

exprera, therefore, the connections which exist between 
the different atoms in phosphorus oxychloride and in 
phosphoric add. The latter enables us to conceive what 
takes place when phosphoric acid is dehydrated ; in fact, 
the atomic constitution of pyrophosphoric acid and of 
metaphosphoric acid follows naturally irom that of ortho- 
pbosphoric acid. This point having been already 
developed in the note upon p. 243, we need not return 
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to it here. We will merely remark that as &r as pyro- 
phospboric acid, 

0— P(OH), 

< 

0-P(OH)„ 

is concerned, the intermediary atom of oxygen is con- 
nected with both the atomB of pbosphonis. It is by 
tiiis atom of oxygen that the two residues of the 
two partially dehydrated molecules of phosphoric acid 
are united to each other. It here plays the same part 
as the atom of oxygen in ethyl oxide (p. 276), where 
this atom rivets tt^ther the two ethyl groups, because 
it is united to the carbon of each group. We here see, 
irom a striking example, witii what &cility the theories 
arising irom an intelligent study of organic compoirnds 
may be applied to mineral compounds also. In this 
lies the character and the advantage of the theory of 
atomicity. It has cemented the alliance between in- 
organic and organic chemistry. It has given the key 
to the theory of radicals ; it adapts itself perfectly to 
that of types ; it binds together these two theories by 
subjecting them to a more general idea. 

In the developed formulsa which we have given 
above the radicals are no longer represented as distinct 
groups, as if they had an individual existence. Such 
formulae are acceptable &om a theoretical point of 
view, and useful in a great number of cases. We must 
consider that, properly speaking, radicals do not exist-l 
as such in compounds. This is clearly demonstrated 
by the new notation, which shows that chemical com- 
pounds form a whole, and enables us to interpret a large 
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number of reactions in which this whole, this molecular 
edifice, undergoea a more or less violent change. As 
Boon as reactions become complicated Gerhardt's no- 
tation is no longer of service. It represented radicals 
by single expressions ; it thus enabled us to represent 
in a striking manner reactions in which they are ex- 
changed by doable decomposition ; it gave no informa- 
tion about Uiose in which they are destroyed. Do we by 
this mean to say that we shoald entirely abandon this 
notation, bo remarkable for its simplicity, for teach- 
ing purposes ? By no means ; condensed formuUe possess 
great clearness, and there are abundant reasons for 
their maintenance. Why fJiould we not write alcohol 
CjHj.OH, ether (CjHj),0, ethylMnine C,Hg.NH„ glycol 
C^H^OH),, glycerine CgH,(OH)„ nitric and metaphos- 
phoric acids NOj.OH and FO^-OH, and orthophosphoric 
add FO(OH), ? These formulEe are simple aiid sufficient 
in a great namber of cases. They represent a certain 
number of reactions of which they are in a way the 
reflection. Is it not simpler and more convenient to 
represent amylic alcohol by the formula CgHi,.OH, 
than by a formula developed in the following manner ? 



This formula, which represents normal amylic 
alcohol, only becomes useful when it is necessary to dis- 
tinguish this alcohol from i\a isomers (see the note, 
p. 336). In all otliet respects the condoised formula 
stands good. We are here considering a relatively 
simple body ; but if it ware necessary to egress by a 
developed formula the composition of ethal, C„H,,0, or 



(^\ 

^^a 



flKir 
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of stearic acid, C,gHjjOj, or of cerotio acid, C„H„Op a 
-whole page would not suffice. It is 'iacoaTeiitent in 
practice, for the e;e has aome difficulty in at once 
grasping these expressions, ao widely spread uprai tiie 
paper. It is, however, necessary to practise and to be- 
■come accnstomed to this exercise, for it is only 1^ these 
formulae that we gain an idea of the constitution of 
bodies, of molecidar grouping, and cases of isomerism, 
&ctB which are essentially within the sphere of chemis- 
try ; for tlie properties of bodies and their reactions 
.are unquestionably a function of this molecular group- 
ing. This statement has often been made, and is in 
«ome sense a commonplace truth ; but bow great i^ the 
distance between this statement and even the demon- 
stration which has been attempted within the last few 
years. The task was a difficult one, and had baffled the 
moat ingenious and the most intelligent chemists with 
Gerhardt at their head. We have seen the means by 
which it has been possible to attack it, and how con- 
siderations relative to atomicity have led to the forma- 
tion of hypotheses upon the grouping of atoms. That 
they are hypotheses must not be forgotten. Some are 
good, some are uncertain ; and, in considering the 
fonnules by which we endeavour to represent the con- 
stitution of bodies, those only should be accepted which 
are the direct and established expression of facts : all 
others are without value. This is an important point ; 
we shall, therefore, now endeavour to make it clear by 
pointing out the mode of construction, the esact mean- 
ing, and the real utility of the developed formulae in 
question. 
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IV. 



We will first consider a relatively simple compound, 
glycerine, which only contains three atoms of carbon. 
These three atoms of carbon ara united together, form- 
ing a group or nucleus which we meet with i^;ain not 
only in all the direct derivatives of glycerine, but also 
in the products of ita decomposition or transformation, 
propylene, allyl alcohol, and acrolein. The constitu- 
tion of the carbon nucleus of glycerine is represented 
in the developed notation by a chain of three carbon 
atoms riveted together. The atoms of hydrogen and 
oxygen are distributed among these carbon atoms in 
such a manner that each atom of carbon exchanges with 
the neighbouring atoms foiur units of saturation, and 
each atom of oxygen two. This is shown in the 
formula 

CHpOH 

CH.OH 

CHrOH. 
Another method of distribution of the atoms of. 
oxygen and hydrogen between the carbon atoms is pes 
sible ; but the number of these possible atomic arrange- 
ments is necessarily limited, from the fact that they 
must all satisfy the doable condition that carbon is 
quadrivalent and ox^en bivalent. As examples of 
bodies possessing the composition of glycerine and a 
different atoroic arrangement we may quote the fol- 
lowing :— 



vGoogIc 



THE ATOMIC THEOBY. 
CH.(OH), CH, 

CH, C(OH^ 



These bodies would be iBomers of glycerine, the 
ezistenoe of which la foreseen by theory. They are 
onknown, aod we must add that there is little probability 
of their existence in a state of liberty, because those 
compounds in which one atom of carbon is united to 
two OH (bydrosyl) groups have but little stability.* 

The above construction of the formula of glycerine 
accounts for the properties and transformations of this 
body. Let us take two examples. Nothing is easier 
than to represent the transformation of glycerine into 
allyl alcohol and into triohlorhydrin. 

The first reaction is expressed by the following 



equation : 


CHrOH 

CH.OH + H, 
0H,.OH 


CH, 




= ^H 




CH,-OH 

AUjiBloolioL 



But allyl alcohol is not a saturated compound ; it 
is capable of directly fixing bromine, hydrobromic acid, 
&c. The preceding formula expresses this fiwt, by 
showing that two atoms of carbon exchange with each 
other two imits of saturation and are riveted together 

CCl, 
' Tbos chloral hydrate I is easily daoomposed into 

CH(OH>, 

oca, 

oUoibI I and water. 
CHO 
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by a double bood. This is indicated by the double 
connecting bond. It is suppreesed in the additive 
product 



CH^OH, 
dibromopropyl alcohol (allyl-alcohol bromide), which is 
the result of the direct action of bromiae upon allyl 
slcohoL 

When glycerine ia transformed into trichlorhydrin 
by the successive action of hydrochloric acid and phos- 
phonis pentachloride, the three OH groups are replaced 
by three atoms of chlorine — 

CH,OS CH^Cl 

CH.OH + 3HC1 - 3H,0 + CH.Cl 

CHpOH OHyCl 

G^HTilM. Trichlorhydiln. 

We see that in trichlorhydrin each atom of carbon 
is connected with an atom of chlorine, and this distribu- . 
tion of the chlorine atoms is characteristic of trichlor- 
hydrin. A different distribution would imply a different 
atomic arrangement, and bodies thus constituted, though 
formed of the same atoms as trichlorhydrin, and possess- 
ing, consequently, the same composition and the same 
general formula, will be isomeric and not identical with 
trichlorhydrin. These isomers exist. Their existence 
is foreseen, their number limited, and their constitution 
indicated by theory. This must be proved, for it is the 
whole point of the question. 

Oiven Uiree atoms of carbon united together and 



■V Google 



286 THE ATOMIC THEOBY. 

pofisessmg eight units of saturation, we proceed tu 
dietribute amongst these three carbon atoms five atoms 
of hydrogen and three atoms of chlorine, in such a 
manner as to attribute to each carbon atom four valen- 
cies or units of Baturation. There are five different ways 
of Batisfying this condition, and, consequently, theory 
can predict the existence of only five bodies presenting 
the composition of trichlorhydrin. Their molecular 
structure is expressed by t^e following formulsB : — 



0H.C1 


CHCl, 


r 


001. 


OH,01' 


CHCl 


osa 


CH, 


• OCl, 


iH.C 


U 


CH,C1 


L. 


k 


TrMilor- 


BolliiwpobitlW. 




TlBknowa. 


MoUijI-cliloI- 


IvArin; 








>«tdl<Uor- 


bU** 








id«! boiUiW 


KS' 








palnlUS°. 



Two of these bodies have not yet been obtained ; 
bnt we have learnt from frequent experience that gaps 
of this kind may be filled up, and ve could quote cases 
CH, 

' The hjdrocaxboii CH„ the type ol oombination from wMcli all 

CH, 
these chlorine componndB aie derived, poBsessiiig b, Bjmmetrical 
BtTDotora, the rmmber of these darivatiTea is limited to fire, because 
the HnhstitTitionB effected in one of the gronpa CH, are equivalent to 
those effected in another group CH,. 

ThnB the following chlorine derivatives most be legaided as 
identical :— 

CHCl, CH, CCl, CH, 

Imci '^^^ La im, '^™^«^ L. 

CH, CHCl, CH, CCl, 
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more complicated than tbat under disoassion nhere the 
attempt has been meet sncceaBful ; ' and it is aa im- 
portant fact that, if we except cases of purely phyd- 
cal isomerism and those in which dimorphism comes- 
into play, no case of chemical isomerism has as yet 
been observed which would not agree with those pre- 
dicted by theory. We have here a etriking confirma- 
tion of the theory which limits the number of possible 
isomers by considerations relative to atomicity or to the 
reciprocal saturation of atoms. Without these considera- 
tions a far larger number of isomers might be deemed 
possible. 

Thus, to return to the preceding case, given three' 
atoms of carbon, five atoms of hydrogen, and three 
atoms of chlorine, if it were merely a question of 
distributing the atoms of hydrogen and chlorine 
amongst the atoms of carbon, the numbers of possible 
arrangements between these different would be very 
considerable, and easily calculated by the rules of 
algebra. 

A celebrated chemist, Berthelot, has been guided by 

peculiar coueiderationB in theoretical predictions relative 

to the number of possible isomers in a given case. He 

admits that the same body may yield different isomers, 

CH,C1 CH, 

ioi, "^S^ic 

CH, CH,G1. 

The identity of tbe bodies in question will at once be seen when we 
observe tliat their formate are simply reversed. 

I The isomers of amylene will be mentioned presently, and in 
Note nL (p. 336) the isomers of amyl alcohol. 
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according to the manner in which it hae been fonue«l. 
Thus propyl hydride or propane may be formed in 
different ways — namely, by the addilioD of two atoms 
of hydrogen to propylene, or by the addition of methane 
to ethylene, or again by the addition of methane to 
ethane with a loss of two atoms of hydrogen.' If now 
in thia hydrocarbon, propane, three atoms of chlorine 
are substituted for three atoms of hydrogen, the com- 
pounds formed may differ, in the first place, accordiog 
to the manner in which the propane acted upon has 
been formed ; in point of (act, says Berthelot, pro- 
pane may contain different residues, according to the 
'nature of the generating hydrocarbon. In the second 
place, it may yield distinct isomers, according to the 
part which is played in it by these residues. This point, 
again, may produce differences in the trichlorinated 
derivatives. They may differ, finally, according to the 
order iu which the substitution has been effected. 
Thus, supposing three atoms of hydrogen to be suc- 
cessively replaced by three atoms of chlorine, the tri- 
chlorinated compounds thus formed may differ according 
to the order of succession in which these hydrogen atoms 
have been replaced. 

Several objections may be raised against these theo- 
retical views. In the first place, we cannot admit that 
a difference in the mode of formation should be a suffi- 
cient reason to determine isomers. In fact, bodies of 

' C,H,+H, -C,H„ 

OH, +C,H, -CA. 

CHj +cCh,-H,-C\H„ 
SCR, -3B, -C,H,. 
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the same compoBition having a diffeient origin may be 
identical ; thej can only be regarded as isomers when 
it can be proved that they possees different properties. 

In the ca^e before ns, propane, whatever ite mode of 
formation, is one and the same body, and, before admit- 
ting that it can give riBe to peirticular isomeric deriva- 
tives by the mere fact of difference in the methods of 
its formation, it would be necessary to show that it 
receives from the latter, in each case, particular proper- 
ties, pointing to a difference of constitution. In a 
word, it would be necessary to prove that bodies formed 
by different reactions axe isomeric 

This may happen in certain cases ; in the particular 
case which we are discussing it is not so, for there is 
nothing to show that propanes formed in different ways 
differ from each other in their structure, or, ae Berthelot 
expresses it, in the residues which they contain. In 
trying to discern the residues of generating hydrocarbons 
in a complex hydrocarbon, Berthelot endeavours to 
determine the molecular structure of the latter. Fur- 
ther, in chlorine derivatives he marks the place of 
chlorine in each of these residues. He constructs con- 
stitutional formulfe from the modes of formation of the 
hydrocarbons. XoUiing is more legitimate in principle; 
but, unfortunately, the reactions which he takes as 
examples are not those irom which any certain condu- 
sion upon the constitution of bodies can be deduced : 
they are due to the action of heat, the most poweriul 
form of reaction. 

Passing to another point, what is the meaning of 
this expression, 'generating hydrocarbons'? It is fer 
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from erpjemag a definite ides. Also is it not a 
giatoitous sappoeition to admit that one chlorinated 
body can differ from another chlorinated body solely 
according to the order in which the substitution has 
been effected? Doubtless, when we substitute for several 
atoms of hydrogen different elements or groups — ^for 
example, chlorine and bromine, or chlorine and nitiyl 
residues, NO, — the oMer of substitution is by no means 
an indifferent matter, because it is not a matter of 
indifference which place is occupied by chlorine or 
bromine, or by a nitryl residue ; but when all the places 
are occupied by chlorine, it matters not whether this or 
that place is occupied first. In any case the contraiy 
supposition requires proof. Upon this subject Berthelot 
has accumulated hypotheses with an ii^^eoious fecundity 
which in the present case has produced a remarkable 
result. The eminent chemist admits the possible exists 
ence of several hundred trichlorhydrins fi-om a conside- 
ration of the relative order of reactions.' We say that 
there are five. Where is the sixth? In the case of 
propane or propyl hydride we maintain that no isomers 
are predicted by theory. Between threei atoms of carbon 
and eight atoms of hydrogen there is but one possible 
arrangement — two groups of CHj united to one group of 
CH , as shown in the formula 



I 



in. 



This formula is founded upon the consideration that 

' BuUetin 4« U SdMU eUmiqve, uoqt. abc., t. zia p. 103. 
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the carbon atoms are quadrivalent, and that they can 
interchangQ a portion of their capacity of saturation. It 
is in tMa manner that the theory of atomicity predicts, 
interprets, and limits the number of isomers ; it ha« 
furnished the elements of one of the greatest advances 
which science has accomplished in the last twenty years. 
It was generally said that isomerism is doe to the 
difference in molecular grouping. I'hiswas stating the 
problem ; the next thing was to solre it. The theory 
of atondcity has snccessfuUy attacked the problem by 
introducing into the discussion exact data, which have 
been in a great number of cases confirmed by experi- 



This point is so important that I must ask 
permission to demonstrate by a fireah example the 
considerations by which chemists are now guided in the 
interpretation of isomers, and generally in conceptions 
relative to the constitution of bodies. 

Let us take a hydrooarbon which has been the 
subject of a great number of experiments, amylene. 

This body contains five atoms of carbon and ten 
atoms of hydrogen, two less than the saturated hydro- 
carbon of the series, amyl hydride or pentane, CgH,,. 
Starting &om the idea of the quadrivalence of carbon, 
theory predicts at least eight possible arrangements 
of the five carbon atoms and the twelve atoms of 
hydrogen. In the first place, the latter may be equally 
divided among the former, so that each atom of carbon, 
riveted by two atomicities to its neighbours, is com- 
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bined vith two atoms of hydrogen.' There is every 
reason to helieve that amylene thus constituted does 
not eziEt, and that this is also the case with those in 
which Uiree or four carbon atoms present a similar 
arrangement. It should be remarked that bodies thus 
constituted would be in a manner saturated, all the units 
of saturation belonging to the five carbon atoms being 
employed either in fixing hydrogen or in uniting the 
atoms of carbon. Now, all known amylenes^ present the 

1 On Uiis hypothesis, which recalls Kekul^'s celebrated hypo- 
thesis upon benzene, the atoms of oaibon wonld form, a rin^ or 
closed chtun, and the conetitation of amjlene, which would be the 
tme homologne of ethylene, would be ezpiessad bj the following 
f onriala : — 

H, 
C 

CE, 



We can ooaceiTC, further, tlie existence of two amylenes in which 
thiee 01 fonr carbon atoms wonld form a closed chain, two atoms, 
or a single atom, of carbon forming a kind of appendix, as may 
bs obserredin the hydrocarbon deriTatives of benzene. The follow- 
ing fonnnlte wonld express the conatitntion of the«e amylenee : — 

H/3— OH, H,C— OH, 

OH H,0— CH 

OH, OH, 



' !rbe five amylenee in qnettion present the following conatitii- 
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character of non-saturated compounds : they abeorh 
.hromine with energy, a property which is easily 
accounted for theoretically by Buppoaing that two of the 
carbon atoms which they contain exchange not one 
unit of saturation, but two, as is shown by the for- 
muhe given in the note below, which express the 
constitution of five different amylenes. In these for- 
mula the double bonds between two contiguous car- 
bon atoms are represented by a double bond, a most 
oonTenient form of notation, as it enables us to 
show at once the state of saturation of each atom of 
carbon. 

When an amylene thus constituted fixes two atoms 
of chlorine and bromine, or one molecule of hydro- 



CH, 


CH, 


CH, 


CH, 




CH, 


L, 


CH,— CH 


in. 


L. 


OH, 
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L, 
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CH^i 
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Uh. 
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bcm^Bpotot 
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mcohol <Ls E 


SU- 


.SS^&. 



boDlDg point 11°. 

CH, 
We nu^ legard them as enbatitnted deriTaliTee of othflene, 1 1 , ii 

CH, 
which, one oi several atoms of hydrogen are replaced b; variom 
aloohol radicats. This conceptdos enables oa to ezpiesa their con 
Btitataon b; relaMvelj ample fotmols, which we ^ve in tlie samt 
Older aa above :-~ 

CH(C,H,) CHCCA)* CH(C,H,) C(CH,.C,H,) C(OH,), 
CH, CHj CHCCH,) CH, CH{CH,) 
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ohloric acid, or a molecule of hypocblorous acid, the 
donble bond is BUppieesed ; the two contigaous carbon 
atoms, now nnited by a single atomicity or valency, 
each fix an atom of chlorine, or an atom of bnonine, 
or an atom of hydrogen, or the group OH ; and we may 
thus imagine isomeric compounds to be produced, 
according to the place occupied by the atoms 6xed 
in the molecule. Thus the isomeriBm of the amylene 
chloridee and bromides, and of the amyl chlorides, briK 
mides, iodides, and hydrates, arises &om the isomerism 
of the amylenes, and we see that all these isomers are 
accounted for by theory, which ehows how they each 
correspond to a particular atomic grouping. Further, 
it is important to remember that the formulae which 
express this grouping axe not chosen at random ; they 
represent &ctB — -that is to say, syntheses, reactions, and 
decompositions. Thus the formula of propyl- ethylene, 
(ethyl-allyl) recalls the eyothesis of this body by the 
action of sodium upon a mixture of ethyl iodide and 
allyl iodide. 

CH,— CH,I + CHJ— CH-CH, + Na, 

■thf 1 lodldi. ABjl lodlds. 

= 3NaI + CHr-CH,— CH,— CH-OH, 
Frgprl-stbyktw. 

The same formula accoonte for the transformation 
of the hydrocarbon in question into an iodide and into 
secondary amyl alcohol. For greater simplicity we shall 
here employ the condensed formulae — 

CH + m _ (W 
Uh. in. 

Itopyl-etbjlsiie. Beoondur lUByl lodUa. 
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cm + AgOH' = Agl + CH— OH 

CH, OH, 

Seooidiu; aeooudu; 

BmjJ lodldfl. amrl alcoboL 

And this Becondory alcohol differs in its propertiee 
<rom two other secondary alcohols which were predicted 
by theory, and which have been obtained. Thus it 
<liffers £roin the tottiary alcohol, which is formed by 
the action of water and silver oxide upon amyleoe 
hydriodate or tertiaiy amyl iodide ; , the latter is the 
principal product of the action of hydriodic acid upon 
ordinary amylene. To enable the reader to form an 
idea of the variety of isomeric compounds which may 
exist for a relatively simple grouping of atoms, such as 
that of amyl alcohol, we have given in a note' the 
table of all the known isomers of amyl alcohol. They 
were predicted by theory and verified by experiment ; 
and this verification of the theory, this happy coinci- 
dence between predicted and observed facts, may be 
noticed in hundreds of casee. Thus far we are justified 
in the assertion that the notion of atomicity has 
furnished sure data for the interpretation of isomers. 

We shall add but one more example to the preceding 
developments, which it would be easy, though super- 
fluijus, to extend. We have spoken above of primary, se- 
condary, and t^iiary amyl alcohols. This is an im- 
portant conception of Kolbe, and is demonstrated by the 
following formulse : — 

I Instead of Ag,0 -l- H,0 

• See Note m^ p. 336. 
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CH,— CHj— CH,— CH,— CH^OH normal amylic alcohol, primary. 
'^^•Vtt_pw _i^ f\n / fermentation amy! alcohol, pri- 

CH.-CHr-CH,-CH.OH-CH. l-^^thyl. propyl carbiaol, sowmd- 

Cgl^-OH— CH,— CH, tertiary amyl alooboL 

Those alcohols aie termed primary which contain in 
the chain of their carbon atoms the group — CH,.OH ; 
secondary, those which contain the group -=011.011; 
tertiary, t^ose which contain the group ^3.0H. The 
primary alcohols alone give on oxidation aldehydes and 
acids, and the notation accounts for this important fact, 
for the group — CH,.OH alone can be converted by oxida- 
tion into the group — CHO or into the group — CO.OH.' 
Now the group — CHO characterises the aldehydes, and 
the group — CO.OH the acids. 

But what becomes of the secondary and tertiary 
alcohols when they are subjected to oxidation ? One of 
two things, either their molecule is broken up or it ia 
formed into a corresponding acetone. In the latter 
case the group =CH,OH is converted into a group =00, 
which characterises the aeetonee.* 

It is evident that the developed formulae which 
express the reciprocal bonds between atoms, or, in other 
words, the atomic chain, account in the most satisfac- 
tory manner for the transformations which organic com- 

' CH^CHrOH + O — H,0 + CHr-CHO. 
Alcoliid. Ahkbrde. 

CH^CH,.OH + O, = H,0 + CH,— CO.OH. 
AluhoL Aoetlculd. 

• CH,— CH.OH— CH, + = H,0 + CH,— CO— OH, 
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pounds ma; tmdergo. The; show that a definite atomic 
grouping oorreeponds to each function, and that the 
fundamental properties of each class of hodiea are in 
some way dependent upon this particular grouping. 
We can only give here a general statement of this pro- 
position ; its proof would require a volume.' In our 
statement of this proposition, which we have supported 
by a few examples, we have had but one aim in view 
— to show that the developed formulse deduced from 
the theory of atomicity express &cts, and that, when 
grounded upon the faithful interpretation of reactions,, 
tfaey are of the greatest use in the explanation of cases 
of isomerism. It is true that such formulse are som^^ 
what complicated. This complication naturally in- 
creases with the number of atoms in the molecule 
whose atomic grouping we wish to represent. To this 
we must resign ourselves ; the problems which science 
is called upon to solve are not always mnple, and in 

' Let us take one from a great nninbeT of eziuiipleB. At^da, we 
aaj, contain one or several CO.OH groups. Xbia enables ua to ex- 
plain in a TeT7 simple manner the transformation b7 the action of 
heat of a great number of adds : tbe catb<tDic anhjdride which ie- 
disengaged comes from the group CO.OH. 

C,H,— CO.OH = C,H, + CO, 



-^^^Z 




= C.H, 


+ 200, 


-'*<S?.OH 




- CA-OH 


+ CD, 


edto^ckold. 




PbanoL 




CACOH).-00. 

QtlUoHtd. 


OH 


_ C^/OH). 

PyitwrnlloL 


+ C0, 


C.CCO.OH), 




= c;h. 


*6C0, 
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-the present case the difficulty is in reality emoall and 
only Likely to repel amateurs of the science. The latter 
generally ignore the existence of amyl alcohols and iso- 
meric amylenee ; their opinion, however, is of little im- 
'portance, and it would be waste of tiiae to discuss it. 

YI. 

Constitutional formulee are based upon the principle 
-of the reciprocal saturation of atoms or of the atomic 
chain, a principle which follows from the notion of 
atomicity, of which it is the most important conse- 
qoence. It has its source in fact^ and is of practical 
utility, for chemists are continually making; use of it in 
discussions relative to the constitution of bodies and to 
the interpretation of their properties. But it is neces- 
-eary to make, or rather to renew, a Limitation to the 
signification of these constitutional formulae. Although 
they indioats the relations between atoms, they do not 
pretend to mark their position in space. The latter 
j>Toblem, which relates to the form of molecules, lies 
beyond the sphere of positive chemistry, although this 
science may furnish elements for its future solution. 
An attempt has, however, been made to solve it, so 
that we are justified in offering a few remarks on the 
subject. 

A molecule fonned of two atoms, such as hydro- 
chloric acid, evidently possesses a simple form, which 
ie linear if, instead of considering the atoms them- 
selves, we consider ihe mean positions of their centres 
-of gravity. 
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Sodium chloride corresponds to hydrochloric acid, 
but the molecules of these bodies are only comparable 
when considered in the gaseous state. When solid or 
crystallised, sodium chloride is unquestionably formed of 
several molecules. Supposing that in a cube the eight 
angular points are occupied by atoms of chlorine and 
sodium, it would require four molecules of sodium chlo- 
ride to form an elementary cube of this substance. 
Similar considerations apply to other solid bodies, which 
may be formed of aggregations of molecules : dimorphism 
is explained by the diversity of these molecular a^^pre- 
gations. 

A molecule formed of three atoms, such as water, 
may be constituted in such a manner fiiat one of the 
atoms — oxygen, for eiample^being placed at the 
centre of a circle, the two others occupy the extremity 
of a diameter. 

In ammonia we have four atoma, one of nitrogen 
and three of hydrogen, and it ia probable that the 
latter are distributed symmetrically round the atom of 
nitrogen. Considered in their mean positions, all four 
may be arranged upon one plane, though it may be 
■otherwise. 

The case of a molecule formed of five atoms, such 
as marsh gas or methane, is more complex. The most 
plausible hypothesis consists in again admitting tha^ 
the four hydrogen atoms are symmetrically distributed 
round the carbon atom. The latter may be imagined 
to be placed in the centre of a regular tetrahedron, of 
which the four hydrogen atonjs would occupy the four 
angular paints. •;•-•,'* 
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A few more words upon this hypothesis. It is sus- 
ceptible of an important developnient, which we owe to 
Le Bel and Van't HofT, and which we now proceed to 
describe. Speaking correctly, we shall only consider a 
particular case of a more general proposition enunciated 
1^ these chemists ; but this simplified demonBtration 
will suffice to give an idea of their conception. 

A great number of organic compounds may be 
derived from marsh gas, regarded as a type of com- 
bination. 

In fact, the hydrogen atoms may be replaced by 
other elements, or groups of elements, and especially 
by carbon groups. An immense variety of combina- 
tions may result from these substitutions, and the mole- 
cule grows from the complication of the groups in 
question. But the primitive carbon atom wiU constitute 
a kind of nucleus,' Suppose that for the four atoms 
of hydrogen we substitute four identical groups — four 
ethyl groups, for example — the form of the molecule 
will be symmetrical, as it was before ; and if this form 
is a regular tetrahedron, a plane passing by an edge 
and through the centre of the figure occupied by the 
carbon atom would divide the molecule into two sym- 
metrical halves. This plane of symmetry would com- 
prise two angular points, the two otheiB being situated 
upon a line perpendicular to this plane and at an equal 
distance from it. 

Let U3 now suppose that of the four hydrogen atoms 
of marsh gas two are replaced by groups of atoms, and 

' TluB does not tiecesBatily imply a peculiar condition of the 
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that the latter are situated upon the plane in qnestion ; 
the two other hydrogen atoms will be aituated at equal 
distanceB upon a line at right angles to this plane, and, 
were the plane a mirror, the image of one of the 
hydrogen atoms would coincide with that of the other. 
This would no longer be the case if the Bubstitution 
were extended to a third hydrogen atom, in such a 
manner that the molecule would now contain three 
dissimilar elements or groups, B, R', B" ; in thia case 
the elements upon each side of the plane passing 
through H and B will be B' and R", and those situated 
upon each side of the plane passing through B' and 
R" will be H and R ; they are dissimilar in the two 
cases, and the structure of the molecule will be dis- 
symmetrical. This molecular dissymmetry, thus de- 
fined by Le Bel and Van't Hoff, is the cause of rotatory 
power. 

Let us take as examples propionic, lactic, and 
tartaric acids. 

Propionic acid is a bisubstituted derirative of 
marsh gas. 

H CH, 

H— A-H H— 0-H 

H CO— OH 

Uarab gas. Froiilaiili! add. 

Let ufl suppose the molecule to be divided by a 
plane in such a manner that CH,, C, and GO. OH shall 
be situated upon tbls plane ; the two halves will be 
symmetrical, an atom of hydrogen being situated right 
and left. Propionic acid does not exercise a rotatory 
power. 
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lactic acid is a trisubstituted derivative of maiBb 
gas of the form 

CH, 

H— C— OH 
CO— OH 

In this case the pUne paseing through CHj, G, and 
CO — OH will no longer be a plane of symmetry, for 
of the two Bymmetrical hydrogen atom^ which existed 
in propiooio acid one has been replaced 1^ OH ; the 
molecule will therefore be diBsymmetrical. Lactic acid 
exeicises a rotatory power. 

This is also true for tartaric acid, which may equally 
be regarded as a tiisubstituted derivative of marsh gas, 
assuming the general form 
B 
H— 0-B' 

k 

Tartaric acid being 

CO— OH 

H— (!^-0H 

CH— OH 

CO— OH, 

we see that one of the carbon atoms is imited to a hy- 
drogen atom, and to three different groups, B" being 

CH.OH 
in this case | . From what has been said above, 

CO.OH 
the structure of the molecule ia dissymmetrical. 
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The olgection will, howevei, be made that the lactic 
acid of fermentation is inactive, as axe also many other 
bodies presenting a aimilar atmcture. Le Bel sets thia- 
difficulty aside by observing tliat, in a bisubetituted 
derivative of marsh gas, the thiid substitution may take- 
place on either side, to left or to right, and that the 
dissymmetrical compounds thus formed are in reality a 
mixture in equal proportions of dextro-rotatory and 
Iffivo-rotatoiy bodies, and are consequently inactive. 

We may add that the above course of reasoning 
implies an hypothesis — that, namely, of the fixity of 
hydrogen atoms and groups, relatively to each other, in 
the types CHR^E' and CHEE'E". If this were not so, 
if the hydrc^en atoms uid the groups which replace 
them could be continually changing places in this system 
snd alternately occupy all positions, the molecular dis- 
symmetry, as defined above, could produce no effect, 
because in the mass of the molecules we should continu- 
ally find dissymmetrically opposed compounds in equal 
proportions, and consequently optical neutraliiy. On 
the other hand, the grand fact of isomerism demonstrates 
the stability of the relative positions of atoms and groups 
for an immense number of combinations. It is well 
known that to determine, in a given combination, the 
migration of atoms or groups which produces isomerism, 
the intervention of a physical force or a chemical agent 
ia necessary — for example, a great elevation of tempe- 
rature. How could the innumerable isomers of the- 
innumerable derivatives of benzene occur, if the six hy- 
drogen atoms of benzene were not all riveted to their 
, carbon atom, executing in its vicinity, without ever 
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quitting it, as long aa the compound exists, those mo- 
tions which constitute a part of the total energy of the 
moleoule P 

We shall confine ooTBelves to these hrief obserrations, 
which will at least have shown the cause of the interest 
which attaches to the attempt of Le Bel and Vant 
Hoff. 

Biot often insisted upon molecular dissymmetry as the 
cause of rotatory power, and upon the asalBtaaoe which 
this remarkahle physical property of certain hodies 
would one day oSer to the study of their constitution. 
This was a prediction which was fulfilled when Pasteur 
showed the relation which exists between rotatory power 
and crystalline dissymmetry. But with liquid or dis- 
solved substances it is no longer a question of crystals, 
but of molecules, and the considerations relative to 
molecolar dissymmetry were, as it were, the offspring of 
pure chemistry. They have been deduced from the 
theory of atomicity, and are connected with modem ideas 
apon the links existing between atoms in combinations. 



vGoogIc 



it* 

CHAPTEK IV. 



HYPOTHESES UPON THB CONSTITUTIOH OP HATIEB. 



Wb have now come to the end of this long exposition, 
and must conclude. 

We have pointed out the origins .and followed up 
the development of this celebrated theory of atoms, 
which, from the first ages of civilisation, has been 
present to the human mind, seeking both to penetrate 
into the inmost recesses of matter and to sound the 
infinite depths of space. And we have a sound reason 
for comparing the 'little world' in which atoms are 
rotating to the great world in which the stars revolve. 
In both all is motion. We must go back to the very 
origin of atomism to find this conception of atoms in 
motion. It is mental power {voSs) which gives them 
the impulse, according to Anaxa:goras. According to 
Democritefl of Abdeia, they are in perpetual motion 
from their very nature ; the force which animates them 
acts inevitably. They do not differ in their essence — 
we should now say, in their chemical qualities — but 
rather in their dimensions, for they have a sensible 
extension ; they differ also in their form. If heavy, 
they &U into the depths of space ; if lighter, they rise 
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in the air. Some have a emooth surface; others present 
asperities, points, and hooks. The motion which they 
poseegB naturally brings them into contact, without 
their attracting each other ; sometimes it masses them 
together, sometimes separates them. It is in this 
maimer that ail things are formed or destroyed. 
Limited in extent and surface, they cannot be con- 
founded with the medium in which they move. This 
medium is a vacuum. 

Thus we find, at the very origin of atomic ideas, 
this distinction between 'vacuum and plenum,' or 
' vacuity and solidity,' which was maintained for ages, 
and which appears as one of the sohitionB which the 
human mind has been able to give of the constitution 
of matter. This is the hypothesis of the discontinuity 
of matter, now generally adopted, with the difference 
that the vacuum is replaced by a very rarefied, elastic, 
vibrating medium — ether. 

Another hypothesis is that of continuous matter 
fill i n g all space, with different degrees of density. 
Descartes inclined towards the latter hypothesis. Di- 
mension being the essential property of bodies, there 
cannot be bodies without dimensions, which excludes 
the idea of indivisible particles — that is to say, of atoms. 
There is no dimension without body, consequently no 
vacuum. 

The same conception follows from the dynamic 
hypothesis professed by German philosophers at the 
commencement of this century. Whether, after Kant, 
matter erists by itself, or is endowed with two con- 
trary forces, one attractive «id the other repulsive, or 



vGoogIc 



CONSTirUTION OF MATTES. 307 

reBoIte Bolely iirom the conflict of theee two forces, as 
Schellin^ supposed, it is continitoiui, and consequently 
infinitely divisible. Chemical combination results from 
the mixture of heter<^neous bodies, which penetrate 
each. other, and this penetration is so intimate that we 
cannot find in the componnd either the properties or 
even the substance of the components ; a new substance 
is formed, and the smallest p&rticle of it is entirely 
identical with the whole mass. 

We are now struck with the vag^ueness of the dynamic 
cal ideas of Scheliing. No force can exist independently ; 
it must emanate from something or must be applied 
to something which exists apart from it, and should 
manifest its presence by motion. How can we con- 
ceive motion without a moving body? For this no- 
tion of force, which is, moreover, difficult to define, 
we may substitute that of motion. In the hypothesis 
of the continuity of matter the mass which fills the 
entire universe is in a permanent state of vibratory 
motion. Waves are transmitted through it in different 
directions and cross each other, as the waves produced 
on the surfece of water are transmitted and cross with 
other waves. From the intersection of the waves result 
nodal surfaces and nodal points, and consequently the 
limited portions of matter. The diversity of matter 
would resnlt from the diversity of the systems of waves 
which traverse it, and we can k^cally conceive that 
these portions thus limited, these vibrating slices, these 
concamerationB, if we may use the word, represent the 
particles of matter which enter into conflict in chemical 
reactions. 
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This is an hypotheaiB, and it seems Y&gae and to 
pOBsees but slight plausibility, at least under thig form. 
It is otherwise with a conception of Sir William 
Thomson, who has recently given a striking definition 
of these limited portions of matter vibrating in the 
midst of a continuous medium. This definition we shall 
explain farther on. , 

II. 

We will, however, consider more closely the hy- 
pothesis of the discontiniiity of matter which would be 
formed of molecules and atoms in motion, in a medium 
which fills the entire universe and penetrates all 
bodies — the ether. 

Atoms are not material points; they possess a 
sensible dimension, and doubtless a fixed form ; they 
differ in their relative weights and in the motions 
with which they are animated. They are indestructible 
and indivisible by physical and chemical forces, for 
which they act, in some manner, aa points of appli- 
cation. The diversity of matter results &om primordial 
differences, perpetually existing in the very essence of 
these atoms and in the qualities which are the mani- 
festation of them. 

Atoms attract each other, and this atomic attraction 
is affinity. It is doubtless a form of universal attraction, 
bat it differs fivtm it in that, if it is obedient to the 
influence of mass, it depends also on the quality of the 
atoms. Affinity ia elective, as has been said for a 
hundred years. It gives rise to aggregations of atoms. 
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to molecules and cbemical combinatioDS. In the 
latter the atoms are no longer free in their mo- 
tions ; they ezecnte their motions in a kind of co- 
ordinated manner, and constitute a system in vhich 
everything is solid and in which they are undei 
control. This is a molecule. It has a determinate 
mass, a centre of gravity, and its peculiar motion. 
The energy of these molecular motions determines a 
very important physical condition — temperature. We 
shall return to this point later. 

Ether is not a vacuum ; it is a medium formed of 
a highly rarefied and elastic matter, agitated by per- 
petual vibrations which are transmitted from atomic 
matter to the ether, and from the ether to atomic 
matter. Is it a homogeneous, continuous medium ? is 
it formed of atoms of a second order, a kind of monads, 
which would form by their aggregation ponderable 
matter itself? This is a question which can be 
brought forward, but which cannot be solved. Foisson 
inclined towards the hypothesis of the discontinuity of 
the ether ; it seemed to him difficult to admit that 
luminous vibrations coidd be propagated transversely 
in a continuous medium. Such as it is, this im- 
perceptible and imponderable medium has, never- 
theless, a density, and, after a revived hypothesis of 
L^age — that of transmundane atoms — it is the influence 
of this fluid which would cause the stars of the viaible 
world to gravitate towards each other. 

The medium, therefore, extends between all parts of 
the universe. As a transmitter of radiations it receives 
uid transmits to us, under the form of Light and beat, 
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the radi&tioDs — that ia to say, the vibiationB — impresaed 
upoD it by the Bun and the most distant stars, and 
sends into space those which proceed from our solar 
world. And the same exchange is established in the 
infinite domain of the infinitely small. The atoms and 
the moleculeB which more with different velocities in 
this impreasionable medium communicate to it a part 
of their energy, which is propagated through it under 
the form of radiant beat and light ; and, reciprocally, 
the calorific and luminous waves of the ether which 
graze the saiiaae of atoms or groups of atoms augment 
the amplitude of their trajectory and the energy of 
their vibratory motions. It is this incessant com- 
munication of motions, this perpetual exchange of 
energy between the ether and atomic matter, which 
gives rise to the most important phenomena of physics 
and chemistry. 

Among such a varied class of phenomena the 
hypothesis of atoms establishes relations which qo 
other theory baa foreseen, and which are so simple and 
BO well known that it is almost snperfluous to mentiou 
them. 

Take a crystal. Under the microscope its masB 
appears compact and homogeneous. In its hcee and 
cleavage planes there is no absence of continuity. And, 
nevertheless, matter is not continuous in it, and, if the 
substance ia a compound, it is not homogeneous. The 
smallest fragments of the crystal are formed of aggre- 
gations of innumerable molecules, which are similar in 
nature and similarly arranged. Each of these molecules 
is formed of atoms, varying in number. They are 
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situated at diBtancea Bensible compared with their 
dimensions, and they vibrate in a coordinated manner, 
forming Bystems in ei^iiillbrium, each of which is 
animated with determinate motions and ia in accord 
with systems of the same kind. If the body in ques- 
tion is a solid, the atomic systems — that is to say, the 
molecules which constitute it — preserve their respective 
positions, and are linked together and fixed with regard 
to each other, although each one baa its own orbit and 
a certain liberty of motion. It is cohesion, we say, 
which retains the molecules in their spheres, and 
affinity which retains the atoms in the narrower limits 
of the molecule. But these forces are perhaps 
fundamentally of the same nature : only they act at 
different distances, and, under the influence of the same 
causes, they are manifested differently, one giving rise 
to physical phenomena, the other to chemical pheno- 
mena, the tatter only being in some manner the con- 
tinuation of the former. 

If we apply heat to a solid body ' formed of mole- 
cules thus constitilted, it can produce, independently 
of external work, three different effects — 

Firstly, an elevation of temperature, owing to the 
increase of the molecular vibratory energy j 

Secondly, augmentation of volume from the increase 
in the space between atoms and molecules, and, if this 
increase becomes considerable, s change of state : the 
solid becomes a liquid, the liquid a gas. In the latter 
case the separation of the molecules has become con- 
siderable compared with the dimensionB of the latter. 
' See note on p. 838. 
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But, whatever may be the physical effect produced in 
this order of phenomeoa, the heat which has disappeared 
as such has performed work; the vibratoiy motion 
which has been communicated to the molecules under 
the form of heat has succumbed in the struggle against 
the molecular forces, or, in other words, has performed 
work represented by dilatation, diminution of cohesion, 
and change of state. 

The phenomena which we have just analysed are 
physical ones. Chemistry also comes in play ; for, in 
the third place, heat, acting on the atoms themselyee 
which makeup the molecule, increases their trajectories, 
80 that the equilibrium which existed in the system is 
destroyed, and the atoms of one given system pass into 
the sphere of action of the atoms of another system. 
From this rupture or this conflict new systems of equi- 
librium result — ^that is to say, new molecules. This 
gives rise to phenomena of dissociation or of decom- 
position, and inversely of combination, which belong 
to l^e domain of chemistry ; as is seen, and as we have 
mentioned above, they are only the continuation of 
the physical phenomena, the same hypothesis — that of 
molecules formed of atoms — applying to each with equal 
simplicity. 

It is heat which sets the atoms in motion ; they 
have absorbed heat in separating firom each other, since 
the rupture of the molecular equilibrium which marks 
the end of the state of combination has required the 
oonsumption of a certain quantity of heat. -The heat 
thus absorbed has restored to the atoms the energy 
which they possessed before combination and which 
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repiesenta affinity. This heat is lost again whenever 
the atoms, passing Into the sphere of action of other 
atoms, fix the latter in some manner or are fixed hy 
them, BO as to form new systems of equilibrium — ^that 
is, new molecules — in which henceforth their vibration 
and motion are preserved. This action is reciprocal ;. 
the new combination can only be foimed on the condi- 
tion that the motions of the atoms which constitute 
it adapt themselves in some manner to each other and 
harmonise, losing thereby part of their vibratory and 
potential energy. Hence the disengagement of beat. 
It is also evident that this adaptation should require 
certain conditions of modality. All kinds of motion 
cannot agree in the same manner, and the harmony of 
the molecular motions should be influenced by the 
manner of the atomic motions. This circmnstsaoe, 
added to the differences inherent in the very nature of 
atoms, determines the variety of the systems of eqoi* 
Librium, or, in other words, the different forms of com- 
bination. There intervenes a peculiar property of 
atoms, very different &om their chemical energy. In 
order to distinguish it from affinity we have called this 
property of atoms atomicity, and we suppose that it is 
connected with their very nature and kind of mo- 
tions. 

But are not all these vibratory and rotatory mo- 
tions which continually agitate molecules and atoms, 
to which may be added the gliding motions of 
liquids and the rectilineal progression of gases, so 
many causes of instability to the molecular systems? 
The case is the contrary. If they are immovable the 
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atomic aggr^ations will be more unstable thao when 
they are in motion ; the familiar example of the 
bicycle shows the influence of motion upon the stability 
of equiljbrimn. 

III. 

We have mentioned above the differences ioh^^it 
in the veiy natiue of atoms and in their manner of 
motion as determining the form and nature of chemical 
compounds. The molecular movements have lately 
been the object of important researches, principally 
upon the physical constitution of gases, which have 
resulted in unexpected revelations not only upon the 
movements and velocities, but even upon the reciprocal 
distances and absolute dimeDeions of the ultimate pai- 
ticlea. Is this an illusion, a scientific fantasy ? No ; it 
is a serious imdertaking, a powerful effort made by the 
most eminent physicists and geometricians, and appears 
to OB worthy of attention, though the &ture may 
demonstrate its insufficiency. We will close this ex- 
position with some words upon the subject, warning 
the reader that we are here entering the invisible 
world, unassailable by direct experiment, but add that 
the hypotheses which give us access to it can be 
verified in some of their consequences and hence acquire 
a certain degree of probability. 

Daniel Bemouilli was the first to bring forward the 
idea that gases are formed of small material particles, 
animated with very rapid rectilineal motion, and that 
the tension of eiaitic flmds resulted from the impact of 
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their molecules against the sides of the vessels in wfaicb 
they were contained. This ia the origin of the kinetic 
theory of gaaea, which has been taken up by Herapath, 
Joule, and Krouig, and the principal author of which is ' 
ClauHiTis. C3erk Maxwell has added very important 
developments to the theory. 

Mariotte's law follows ae a natural consequence of 
this hypotheaia upon the constitution of gaaea. If a 
gaseous mass, composed of an immense but determinate 
number of particles, is contained in a closed space — the 
cylinder of an air pump, for instance— the pressure 
exerted upon the piston will be determinated by the 
normal components of the impact of the molecules dur- 
ing a imit of time. If the volume of this gas ia reduced 
the number of particles will increase, as well as the 
number of impacts: the pressure will, therefore, imdergo 
a proportionate increase. 

The volume remaining constant, the pressure will 
be also increased by an elevation of the temperature. 
Under these conditions the number of the particles 
remains the same ; their masses remain constant, but 
their velocities, and consequently the number of impacts, 
is increased, and it is precisely the vis viva or the total 
energy of the molecular motions which give a measure 
of the temperature. 

After the preceding it is evident that a relation 
^cists between the pressure or the tension of a gas and, 
on the other hand, the velocities of its molecules, their 
individual mass, and their number in the unit of volume. 
For these latter &ctors we may substitute the notion of 
density, which is the mass of the imit of volume. We see, 



vGoogIc 



316 THE ATOMIC THEORY. 

therefore, that the absolute velocities of the molecules 
can be calculated from the presBure and the denraty. 

These calculations have been made by Clausius. 
According to him the molecules of air move with a 
mean velocity of 485 metres per second, and the mole- 
cules of hydrogen with a mean velocity of 1,844 metres. 
A body projected vertically upwards with a velocity of 
485 metres per second would reach a height of 12,000 
metres before felling. 

Can the gaseous molecules which move with such 
velocity pass freely over such enormoue distances ? No; 
their number is bo immense that at every instant they 
come into contact, encounter each other, and rebound, 
80 that in a gaseous mass formed of molecules of the 
same kind the latter move in every direction with vari- 
able velocities and, between two encoimters, in sensibly 
rectilinear directions. What happens when a gas thus 
constituted is mixed with another on which it has no 
chemical action? The molecules of the two fluids 
begin to diffuse into the space opened to them ; pre- 
serving their velocities, they encounter each other, so 
that the sum of their impacts represents the total pres- 
sure excited by the mixture. In pthec words, the 
pressures of the two gases ai-e added together. This is 
Dalton's law, which also follows as a natural conse- 
quence from the hypothesis of Daniel Berpouilli. 

The gases just considered are perfect gases. Their 
molecules, freed from all cohesion, exert upon each 
other neither attraction nor repulsion, and, if they 
encounter each other, it is chance which brings them 
together. But in reality perfect gases do not exist. 
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When gaseous molecules approach to within very small 
distMicea of each other, coheaion begins to exert a 
sensible influence, which is traneitoiy, since it decreases 
very rapidly with the distuice. This is the cause of 
the departures from Mariotte's law and of the inaocu- 
raciea of Dalton's law. It is also the cause of slight 
flexions in the molecular paths, when the particles are 
on the point of touching. 

The preceding considerations are of a physical 
nature and apply to molecules. The latter may be 
formed of several atoms, retained by affinity in their 
reciprocal spheres of action : these atoms have their 
own peculiar motions, their own energy in the system 
of which they form a part, and are constrained to move 
with it in the molecular paths. 

The mean molecular velocities' are different for 
different gases at the same temperature; the rectilineal 
paths passed over between two successive paths are also 
different. The authors of the kinetic theory of gases — 
Glanaiua and Clerk Maxwell — have attempted to calcu- 
late the mean lengths of these paths and the number of 
impacts during a unit of time. These numbers can be 
detemdned in absolute value, if certain factors given by 
experiment are introduced into the calculation. One 
of these fectors is the coefficient of friction of gases. 

A gaseous mass which is in motion npon the sur- 
&ce of a solid body tends to transmit, by a kind of 

' We stall oonoder here tlie m«in velocities, and add that in a 
Lomogeaeoos gaseons mssa — Uiat is to saj, in a mass formed ot the 
game kind of moleculeB — all do not move with the same velocities ; 
in reality, there are some which are endowed with very different 
velocities. This has been eatablished bj Clerk Maxwell. 
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friction, a portion of its motion to this body. This 
causes a retardation of the motion of the gaseous par- 
ticles in the layer which is immediately in contact 
with the solid body : this has been termed the external 
friction. But the layer in qneetion undergoes in its 
turn a kind of impulse from the neighbouring lay^^ 
which is moving &ster and which transmits to it a 
portion of its motion as a mass. Retardation, there- 
fore, takes place on one side and acceleration upon the 
other : this has been termed internal friction. But this 
transmiBsion of motion cannot take place without loss, 
a portion of the motion of the mass being converted into 
calorific motion. All friction causes a disengagement 
of heat, and the calorific motion is characterised by the 
molecules moving in every direction, while they are 
impelled in the same direction in a gaseous current. 
The internal friction which the different layers of a gaa 
in motion exercise upon each other gives rise, therefore, 
to a disengagement of heat — that is to say, to an accelera- 
tion of molecular motion. This transmissioQ of motion 
can only be produced by the impact of the molecules, 
and we see that a relation exists between the internal 
friction of gases on one side and the number and energy 
of the impacts durijig the unit of time on the other. 
The number of the impacts itself depends upon the 
velocity and the distances passed over by the molecules 
between two impacts. In a word, the ooeflScient of 
friction of gases, which has been determined by experi- 
ment, can be expressed in terms of the density of the gas, 
of the molecular velocity, and of the distances passed over 
between two impacts — that is to say, of the molecular 
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paths. The latter can, therefore, be calculated. With- 
out giving here the numbera obtained for the different 
gaees, we will only mention that the distance passed oyer 
by a molecule of air, at the temperature of 0° and under 
- the normal pressure, haa been determined — an average 
and approximate value, since air is a mixture — ae equal 
to ninety-five milliooths of a millimetre, which is about 
twenty-five times smaller than the smallest magnitude 
visible under the microscope. The number of impacts 
received by such a molecule during one second will be 
4,700 millions, supposing it to move with a mean 
velocity of 447 metres. 

We may go further. The knowledge of the velocities 
which animate the molecules and the number of impacts 
has made it possible to draw inductions upon their 
distances, their diameters, and their volumes, for is it 
not true that the lengths of the molecular paths depend 
upon the frequency of the impacts, and that the latter 
is influenced by the size of the projectiles? We will 
not here quote numbers, and will only point out the 
course of ideas. 

Other considerations have been made use of for the 
approximate determinations of molecular diameters — in 
the first place, the density of a gas and that of the liquid 
resulting from its condensation. Loschmidt, Sir William 
Thomson, and Clerk Maxwell have been engaged upon 
this question. We will give a word of explanation upon 
thid subject. 

If we could suppose that gaseous molecules were 
brought into contact by lique&ction, the relation exist- 
ing between the real volume occupied by the material 
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molecules in the uoit of volume of a gas and this volume 
would evidently be given by the relation between the 
densities in the gaseous and liquid Btates, This is tiie 
relation which Loschmidt terms the coefficient of con- 
densation. Now, the molecular diameter * can be ex- 
pressed in terms of thie coefficient and of the mean 
length of the molecular paths — that is to say, in ternu 
of two known quantities. It is certain that the valu^ 
calculated in this manner would be too high and lathei 
represent a superior limit, for the sapposition that 
liquefaction brings the molecules in contact is evidently 
an inexact one. These values are, therefore, only approxi- 
mate. It is nevertheless a remarkable circumstance 
that tiie numerical results obtained in tiiis manner have 
been confirmed in a satisfactory manner by means of a 
very different method which has been recently employed 
by Van der Waals, 

This physicist has attempted to determine the mo- 
lecular magnitudes, taking as his starting-point the 
departures &om Mariotte's law. We have said above 
that the cohesion of gases is one of the causes of these 

' We tue here treating not eiaotly of tie diameter of the mateilal 
molecule, bat of the radios of what ClauMos calls the molecular 
ifAere. The molecular aphere ia the portion of space which be- 
longs to the molecnte, and within which no other molecule can 
penetiate. 

These moleoulat apherea of action wonld occnpy, according to 
ClaoBina, a volnme eight times as great as the molecnlea themselves. 
Let US quote some nmnbers to render these ideas intelligible. ClansiDB 
admits that in ft cubic centimetre of air the material molecnles only 
occupy ft third of a cubic millimetre — that is to say, the 3000th part 
of the total space — ^acd that the molecular spheres of action occupy 
about the 100th part of it. 
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departures; the material extent of the molecules is 
another, for it is evident that the spaee in which the 
molecules can execute their evolutions is not the same 
in reality as that occupied by the gas itself; it differs 
from the latter by the whole extent of the molecular 
volumes. It ia conceivable that the experiments of V. 
R^^ault upon the compressibility of gas cught furnish 
data for the calculation of a constant representing the 
material extent of molecules, one of the causes of the 
departures from Mariotte's law. The same constant has 
been calculated by Van der Waals from the variations 
of the coefficient of dilatation, and the values obtained 
have been a little lower in this case. The values in ques- 
tion deal with millionths or with fractions of miUionths 
of a millimetre. This kind of magnitude would express 
the diameters of molecules and also their respective 
distances. Let us remark that this acale is nothing 
extraordinary for physicists. Are not the lengths of 
light-waves expressed in hundreths of millionths of a 
millimetre ? And in this connection we should remember 
that Cauchy has some time ago drawn attention to the 
fact that the distance between molecules in a refracting 
medium should be in relation with the wave-lengths. 
He has shown that dispersion — that is to say, the de- 
composition — of white light into the different colours of 
the spectrum could not take place if the material par- 
ticles of a refracting body were separated by distances 
infinitely small in relation to the wave-lengths. These 
distances and these lengths should be magnitudes of 
the same order. 

But let us return to gaaea. The data obtained for 
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the diameters of moleculeB have made possible tae 
approximate calctilatioii of their sectione and of their 
volumes. For air the two values are only small trac- 
tions, the first of a square, the second of a cube, whose 
side would be the miUiouth part of a millimetre. 

We can go a step further : the molecular volumes 
being known, we can calculate the number of molecules 
Id the unit of volume of gases, and also their respective 
distances and their absolute weight. We here arrive 
at numerical results which confound the imf^ination, 
and the real signification of whidi we have some diffi- 
culty in seizing. A cubic centimetre of air would 
contain twenty-one trillions of molecules, a number 
which represents twenty-one times the cube of a 
million.* In accordance with the law of Avogadro and 
Amp^, this number would be the same for the other 
gases. Suppose gas to be so rarefied that its pressure 
was reduced to a thousandth part of an atmosphere : the 
ntmiber of molecules contained in it would still be 
prodigious, although it would only be the thousandth 
part of the preceding. Only in this rarefied air the 
molecular paths would be notably elongated, and the 
number of impacts diminished in proportion. This 
fnmiBhes an explanation of the possibility of the 
motion of the radiometer. 

The atomic weights, which we have treated at length 
in this work, only express ponderal relations. These 
weights can be expressed in absolute value by taking 

' That is to say, 21 followed by eighteen cyphers. Since the 
words billiDii and trillion do not always receive the same meaning, 
I have thought tltis explanation neoeasary. 
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as the baseB of the calculation the data acquired upon the 
dimensioDs of molecules, and taking into account the den- 
sities. If we eay that it requires ten trillions of molecules 
of air and 1 44 trilliona of molecules of hydrogen to make 
a milligramme of these respective gases, shall we be giving 
any idea which the mind can grasp, and, above all, will 
the idea of the values be exact P This may be doubted. 
NevertheleBB these numbers have been given. They 
are given with reserve, as provisional information upon 
the limits which the divisibility of matter can reach. 

Besides, these approximate results upon the dimen- 
sion of tiie material particles and upon the density of 
this molecular dust which constitutes gases are con- 
firmed, up to a certain point, by well-known facts. An 
inappreciably small weight of musk is sufficient to per- 
fume the air of a whole room, and Kirchhoff and 
Bunsen have proved that the three-millionth part of a 
milligramme of sodium chloride is sufficient to give a 
yellow colour to a gas jet; and, in another kind of 
phenomena, Hofinann has found that rosaniline gives a 
perceptible colour to 100 million times its weight of 
alcohoL We should also remember that Faraday pre- 
pared sheets of gold the thickness of which he estimated 
as equal to the hundredth part of thelengtii of a light- 
wave ; and, supposing that such a sheet contains a simple 
layer of molecules, the thickness of .one of these could 
not exceed five millionths of a millimetre, a value 
comparable to those mentioned above. Everyone is 
familiar with a soap bubble, but it is difficult to form 
an idea of the extreme tenuity of the film. In the 
soap films made by Plateau they scarcely reach a 
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mUlionl^ of a nullimetre. Sir William ThomBOD, who 
baa Btadied this questioa, haa shown by calculation that 
it is impossible for such a film to contain more than one 
layer of molecules, which would give for the diameter of 
theee molecules a value inferior to that just mentioned, 
but which belongs to the same kind of values. Finally, 
a last and very ingenious method for estimating the 
limit of the divisibility of matter has been conceived by 
Sir William Thomson. It consiste in determiniEg, by 
means of his electrometer, the voltaic attraction between 
a sheet of zinc and a superposed sheet of copper. This 
attraction is independent of the thickness of the sheets, 
and can be estimated by the work performed by the sheet 
of zinc in lifting itself towards the sheet of copper. If 
thin layers of zinc and copper were made into, a pile, 
this work would increase in consequence of the number of 
sheets accumulated in a given thicknesa. Thia mechani- 
cal work can be calculated in heat, and we can calcu- 
late the thickness which it would be necessary to give 
to the sheets for the work performed by a pUe of sheets 
one centimetre in thickness to represent exactly the 
quantity of heat disengaged by zinc and copper in 
forming an alloy. In other words, we can calculate the 
tenuity which it would be necessary to give to the par- 
ticles of zinc and copper in order that their reciprocal 
action should only disengage the quantity of heat which 
is actually observed in the formation of an alloy. The 
result is as follows : The thickness of these sheets cannot 
he reduced beyond the thirtieth of the millionth part 
of a millimetre. It is approximate, for there are 
uncertainties in the calculation, and it is an inferior 
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liioit; but it is uoteworthj that we still remain in 
tlie order of values deduced Irom the kinetic theory ot 
gases. 

IV. 

This theory, and eapecially the law of Clerk Maxwell 
-upon the distribution of velocitiea in gaseous molecules, 
are founded upon tbe mathematical laws of the im- ■ 
pact of elastic bodies. Are molecules, then, projectiles 
endowed with elasticity? The admission would be 
- difficult if we wished to maintain the conception, which 
Newton arrired at, of hard atoms, incapable of altering 
tbeir form. The difficulty is not diminiBhed if we 
retain the hypothesis of molecules formed of atoms held 
together by affinity ; and these are exactly the mole- 
cules which we have considered in gases as moving in 
eveiy direction and encountering each other. Are they 
endowed with elasticity by reason of the extension of 
their sphere of action beyond their natural limits, 
according to the ideas of Clausius ? Are they surrounded 
with an envelope of ether ? So it has been said, but 
who can affirm anything in the matter ? And then there 
is a final difficulty. This invisible world, in which it 
has been attempted to penetrate by an effort which is an 
honour to the human int«Uigence, has finite dimen- 
sions. It does not exist in absolute quantity, and in 
this unheard of diminutiveness there are relative 
magnitudes. Chemistry teaches us that a molecule of 
mercury weighs 100 times as much as a molecule of 
hydrogen. Is it, therefore, a great molecule relatively 
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to the other, aod whj is it indivlBible ? I do not 
undeTBtaad ; I do DOt pretend to do so ; only I admit 
that phydoal and chemical forces cannot divide it any 
further, because oUierwiso it would cease to be mercury. 
It IB not less true that this proposition of the indivisi- 
bility of atoms is not to my mind satiaiactory, and I 
am obliged to confess that a difficulty exists here. 

In these later times a theory has arisen which seems 
to give a mathematical demonstration, and even an 
experimental illuBtration, of the indivisibility, or rather of 
the peculiar and eternal individuality, of atoms : I refer 
to the vortex atoms of Sir William Thomson. 

Chemists can form an idea of this vortex motion by 
recalling to mind the rings which rise in still air 
whenever a bubble of phosphoretted hydrogen bursts 
upon the surfece of water, and the rings which certain 
smokers are able to make are familiar to all. An appara^ 
tus has been conetrncted by which they may be produced 
at will. It is a wooden box one side of which is fur- 
mehed with a circular opening and the other formed of a 
tightly stretched cloth. In the interior of the box 
fnmes of sal ammoniac are produced, which are driven 
out by a sharp blow on the elastic side. A ring of 
smoke is then seen to issue from the opening and to 
move freely through the room. In this ring all is 
motion, and, independently of the motion of translation, 
the smoke particles roll over each other and execute a 
rotatory motion in every section of the ring. These 
motions take place from the interior towards the ex- 
terior of the ring, in the direction of the motion of 
translation, so that the entire mass of air, or of the smoke 
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which forms the ring, revolree continually round a 
circular axis, which forms, as it were, the nucleus of the 
ring. There is this remarkable &ct in thia rotatory 
motion, that all the particles which are situated upon 
one of the curves which can be drawn in each section of 
the ring are indissolublytied down to their circular paths, 
and can never quit them ; so that the whole mass of the 
vortex ring will be always formed of the same particles, 
Tliis theorem was proved by Helmholtz in 1858. This 
eminent physicist has analysed the vortex motions 
which would exist in a perfect fluid free from all Friction. 
He has proved that in such a medium vortex rings, 
bounded by a system of vortex lines,* are formed of au 
invariable quantity of the same liquid molecules, so 
that the rings can move, and even change their form, 
without the connexion of their constituent parts ever 
being broken. They will continue to revolve, and 
nothing will be able to separate them, divide them, or 
destroy them. Those existing in the liquid will exist 
there for ever, and new ones can only be excited in it by 
a creative act. 

The smoke rings of which we have spoken above 
would give a perfect representation of these liquid vortex 
rings, if they were formed and moved in a perfect Quid. 
They are not so ; but such as can be formed can serve 
for the demonstration of some properties of matter in 
vortex motion. They are endowed with elasticity and 
can change their form. The circle is their position of 
equilibrium, and, when their form is altered, they 
oscillate round this position, and finally reassume the 
' ' Wirbelfaden und Tl^rbeUiiiieii.' 
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circular form. But if we try to cut them they recede 
before the knife, or bend round it, without allowing 
themselves to be injured. They give, therefore, a 
material repreeentatton of something which would be 
indivisihle. And when two rings meet each other 
they behave like two solid elastic bodies ; after the 
impact they vibrate energetically. It is a singular fact 
that when two rings are moving in the same direction, 
so that their centres are situated upon the same line 
and their planes perpendicular to this line, the hinder 
ring contracts oontinnally, whilst its velocity increases; 
the ring in advance, on the contrary, expands, and its 
velocity decreases until the other has passed it, when 
the same action recommences, so that the rings alter- 
nately pass throi^h each other. But, through all these 
changes of form and velocity, each preserves its own 
individuality, and these two circular masses of smoke 
move through the air as if they were something per- 
fectly distinct and independent. These curious experi- 
ments were made in England.' 

Helmholtz, therefore, has discovered the funda- 
mental properties of matter in vortex motion, and Sir 
William Thomson has stated : This perfect medium 
and these vortex rings which move through it represent 
the universe. •A fiuid fills all space, and what we call 
matter are portions of this fluid which are animated 
with vortex motion. There are innumerable legions of 
very email fractions or portions, but each of these por- 
tions is perfectly limited, distinct from the entire mass, 
u Recant AAt;a>ieet in PhyHeal SaUnoe. 
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and distinct from all others, not only in ita own sub- 
stance, but in itB masB and its mode of motioQ— quali- 
ties which it will preserve for ever. These portions are 
atoms. In the perfect medium which contains them 
all, none of them can change or disappear, none of 
them can be formed spontaneously. Everywhere atoms 
of the same kind are constituted after the same fashion, 
and are endowed with the same properties. It is well 
known, in feet, that the atoms of hydrogen vibrate 
exactly in the same periods, whether we heat them in a 
Creisaler's tube, observe them in the sun, or in the most 
distant nebulEe. 

Such is, in a few words, the conception of vortex 
atoms. It accounts, in a satisfactory manner, for some 
properties of matter, and of all the hypotheses upon the 
nature of atoms it appears to be the most probable. 
We see also that it permits the revival of the ancient 
hypothesis of the tmity of matter, and in a more 
acceptable form than that of Prout's hypothesis. Is 
the idea absolutely new ? No ; it was originally con- 
ceived by Descartes. So fer is it true that, when the 
perpetual, and perhaps insolvable, problem of the consti' 
tutitm of matter is discussed, the human mind seen^ 
to turn in a circle, the same ideas lasting for ages, and 
being presented under firesh forms to the highest intel- 
lects who have endeavoured to solve this problem. But 
is there no difference among these great intellects in 
their maimer of working? Moat certainly: some, more 
powerful perhaps, but bolder, have proceeded by in- 
tuition ; others, better armed and stricter, by induc- 
tion. Here lies the progress and the superiority of 
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modern methods, and it would be ODJust to pretend 
tbat the important efforts, of vhich we have bad strik- 
ing testimony, have not made an advance in this 
difficult problem which was impossible to Lncretius 
and even to Descartee. 

One word more before concluding. 

We have been able to see, from the preceding, that 
atoms are limited portions of matter in motion, what- 
ever may be the idea which we take of their oatm^ 
and of their form. Since heat itself is a mode of 
motion, it results tbat thermo-chemical facts agree 
• perfectly with the atomic hypothesis : they follow from 
it in some maimer as a natural consequence. It is, 
therefore, oseless to attempt to bring forward in oppo- 
sition to the hypothesis of atoms considerations drawn 
from thermo-chemistry, as furnishing a more solid 
ibundation for molecular dynamics. Far from being 
opposed, these notions are correlative. The forces 
which are considered in mechanics must emanate from 
something, and they mmt be ap|died to something. 
In chemistry we suppose that t^ey emanate from and 
are applied to imperceptible but limited and definite 
particles, which represent the fixed proportions accord- 
ing to which bodies combine. We call these particles 
atoms, endeavouring to interpret the modem and 
definite notion of fixed and multiple [H'oportions by 
weight and by volume, by an ancient hypotheds which 
preserves the character of an hypothesis even under its 
altered form. 

Does this mean that this hypothesis gains our 
acceptance because it explains so many iacts in che- 
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mistry and physica? By no means. In ita present 
form it ia far from being perfect, and if it interprets in 
a wonderfiil manner certain phenomena of weight and 
measure, which are in reality the very foundation of 
chemistry, it leaves other phenomena in the shade. 
The properties of elementary and compound bodies are 
probably dependent upon the innate nature of atoms, 
upon their form and their mode of motion. But these 
matters are micertain and unknown. That is the reason 
why, with our imperfect notions of the very essence of 
atoms, the theory cannot predict the form of compounds 
or their properties. These are matters of experiment. 
Now, a perfect theory ought not only to guide experi- 
ment, but to anticipate it. 

But, whatever may be the kind of hypothesis under 
discussion, one point is definitely gained, viz. the 
notation which is called atomic, since a name must be 
given to it, but which is independent, up to a certain 
point, of the hypothesis which it recalls. 

The present notation is founded upon iacts. It sums 
up and reconciles in some manner the most important 
discoveries relating to chemical combinations — those, 
namely, of Richter, Dalton, and Gay-Luasac. It rests 
especially upon a rigorous application of the law of 
volumes discovered by the latter and interpreted by 
Avogadro and Ampfa'e. And, when the law of volumes 
is at fault, owing to the fixity of the elements or of 
their compounds, we have recourse to the law of specific 
heats or the law of isomorphism for the determination 
■ of atomic weights and for the construction of formulae. 

The notation which derives its name firom the 
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atomic hypothesis rests, therefore, upon the sure founaa- 
tion of experiment. The same may be said of the con- 
eideiations upon atomicity. They are founded upon 
the &ot that the forms of combinations are various, as 
we have learnt, in the first place, &om the discovery of 
multiple proportions byDalton, and, in the second place, 
from the discovery by Cray-Lussac of the relations by 
volume according to which gaseous bodies combine — 
relations which are simple, but not identical for dif- 
ferent gases. The considerations, therefore, upon the 
valency or the combining value of elements would 
survive the hypothesis of atoms if the latter were one 
day replaced by a more general hypothesis. But this 
day has not arrived ; it is useless to attempt to discredit 
the former as long as it proves itself productive. Its 
fertility and its power are clearly mamfested in the in- 
cessant progress of the science. It has thrown light 
upon the most recent discoveries, as well as been, since 
the time of Dalton, its immortal author, the most 
perfect instrument in the most profound theoretical 
conceptions and the safest guide in experimental re- 
searches. 
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WATBK OF CKYSTALLISATIOH. 



Tecb combiualioa with water of crygtalliaation is a phenome- 
non both of & chemicaJ and of a physical order ; of a chemical 
order, since the chemical force, dectioe affinity, plays a part 
in the phenomenon, and of a physical order, since it is 
connected with e:ctemal form and change of state. Let us 
consider salts, properly so called. Their hydration or 
theirdegree of hydration is determined by the nature of the 
base, rather than by the nature of the acid ; for we know 
that all the sulphates, for example, do not ciyetalliBe with 
the same quantity of water, and that two very Himilar sul- 
phates — those of potassium and of sodium, for instauce — can 
exist one in the anhydrous, and the other in the hydrated 
condition. If, therefore, it is the nature of the base which 
determines the degree of hydration, at least in certain 
salts, it seems that it is the base also, or rather the metal, 
which attracts the molecules of water. Thia attraction may 
be due to the development of supplementary atomicities in 
the metal of the salts and in the oxygen of the water. We 
are now upon a ground riddled with hypotheses. For 
brevity's sake, therefore, I will take a single example. 

Copper sulphate crystallises with five molecules of water. 
The copper becoming quadrivalent can attract these mole- 
cules, suppomng iiie oxygen of Uie water itself to have 
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become qiiadrivaleut, and we may conceive that tbe fire 
moleoulee con be joined together so afi to leave at the end of 
the chain two &ee atomicitiee by whicli the Bystem is 
attached to the copper. This idea is expreseed in the 
following formula : — 

■\,, OH, 



The molecules of water were free ; th^ are now riveted to 
one another and to the sulphate of copper : they have loet 
something, and changed their state by becoming solid, and 
this double condition has given rise to a disengagement of 
heat. And let ns notice that this chain of molecules of 
water can be increased, eo to speak, at will. In ferrous 
snlphate, for instance, it is increased by two lints. Lastly, 
the molecnlee, especially when th^ are numerous, can fix 
themselves upon several polyatomic elemente in the same 
compound. This might easily be developed, but I stop : I 
am satisfied with having stated tiie idea and given an 
example. 



NOTE II. 

THB CONSTITUTION OF DODBLB SA£T8. 

Let us take as an example the double sulphates of the 
magnesium series. In order to expWn the attraction which 
sulphate of magneaum exercises upon snlphate of potasainm, 
several hypotheses may be brought forward. The magnesium 
becomes quadrivalent, and Axchanges two valencies either 
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witli two atoms of oxygen, or with the atom of he^atomic 
gulphor of the molecule of sulphate of potaBsiom. 

The two molecules are united by the sulphur of one to 
the oxygen of the other, or, which appeals less probahle, 
by the sulphur of one to the solphur of the other, or by the 
oxygen of one to the oxygen of the other, the atoms of 
oxygen becoming quadrivalent. It is not necessaiy to 
develope this at length by fotmulffi which are moreover easy 
of construction. I here give two of theee foixaolie, and only 
add that such combinations between molecules rich in 
ox^lien appear to me to be caused rather by the upion, that 
is to say, by the affinity of heterogeneoos atoms, than by the 
union of atoms of the same nature, as sulphur with sulphur 
and oxygen with oxygen. 



>-<>^'->"< 



(1.) 

Uignetfom nilptute. Fotaailiun enlpliate. 



Here two atoms of oxygen of the potassium aulphata 
have become quadrivalent, as well as the magnesium of the 
molecule of magnednm sulphate. 

(2.) OK 

O. I .0 ,0 

OK 
UiWneslDm Potudom Doable nilpliile. 

nuphate. mlphalA 

Here magnesium, becoming quadrivalent, is attached to 
the hexatomic sulphnr of the iuolecule of potassium sulphate. 

I will not dwell at greater length upon this view, since it 
is entdcely hypothetioal. 
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THS tSOHEIUSH OF TEE AHTI. ALOOHOLB. 

In order to give aa idea of the bunlity wiih whicli tihe 
theoiy of atomicity mterprete and foretells casea of isomer- 
ism, we will here diacues at greater length the isomeriBin 
<J the amyl alcohols. We were imwiUing to introduce it 
iuto the text, in order to avoid complicating onr explana- 

Fiimaiy, secondary, and tertiary alcohols &re known 
(eee p. 296). The normal amyl alcohol, discoTSred by Lie- 
ben, and the amyl alcohol of fermentation are both pri' 
mary. The fomentation alcohol rotates a ray of polarised 
Ught to the left. A. Le Bel has recently discovered the 
amyl alcohol which possMsee a destro-rotatory power. 
Fastenr made known the inactive variety, which is a miz- 
tnre of the deitro-rotatory alcohol with the l«vo-rotatory 
alcohol. 

The following formnlte express the oonstitntion of these 



CH, CH CH, CH,— C— CH, 



CH, 



CH,o: 



MomuliuiiTt Amyl sJoohdl ITaloKiwii. Vnkaom. 

alflohoL of famflntfttion. 

Comparing the constitntion of these alcohols with that o. 
ordinary alcohol, we may regard the two first aa ethyl 
hydrate in which (me atom of hydrogen (^ the group CHj is 
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replaced by propyl or by isopropyl, the third as othjl hydrate 
in which one atom of hydrogen is replaced by ethyl, and 
another by methyl, and lastly, the fourth as ethyl hydrate in 
which three atoms of hydrogen are replaced by three methyl 
groups; this lastalcobol correspondingto the trimetbylacetic 
a«id of Boatlerow. This point of view is expressed in the 
following formultB : — 



ko 



CHyOH CH,.OH CHj.OH CHyOH 

Propyl- iBoprihpyl- 



The aeoondaiy amyl alcohols are three in number, viz. — 

CH, CH, CH, CH, 

CH, ^ CH, 

CH, CH.OH CH.OH 

CH.OH CH, CH, 

CH, CH, 

BoOliig point 120°, BdltDgpoiDtl08°, Boiling point 



These secondary amyl alcohols can be regarded as de- 
rivatives of methyl alcohol in which two atoms of hydrogen 
are replaced either by prof^l and methyl, or by tsopropyl 
and methyl, or by two ethyl groupe. 

We thus have the simplified formule : — 

CH. c<.=. CH<<!af.)' c<§g; 

OH OH OH OH 

Mnthyllo Propyl-mBthyl- ' Improiiyl.tnoltijl- Wethjl-metlijlio 

lirdnM melh7llc brdnt« metlijJla brdrate hjdrate 

Imibinol). (fK^l-meUi)'! cubliiDl). (laopropirl-iiKrtbi'l (dieetijl mrblnal). 
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Lastly, a tertiary amyl alcohol is known : it is the Itody 
which I have described under the name of amjlene hydrate. 
It contnins two methyl and one ethyl gronpe. 



!H,— C.O 



Ah 



TaHarj unjl Blcohol. 

We have given all these formulEe in order to show with 
what facility the theory of atomicity foretells, limits, and 
interprets the most complicated cases of isomerism. The 
principles hero developed may be applied to nUiny other 
examples. 



THE ACTION OF HEAT UPON OASEa. 

"We have pointed oat in the text the manner of action of 
beat upon the molecules ot a solid body. We think it use- 
ful to follow «p this point by analysing the case of a gaseous 
body. We know that the heat absorbed by gases produces 
difFbrent effects, whether we heat it under constant pressure 
or under constant volume. In the firat case — 

(i.) It increases the external work corresponding to dilata- 
tion and to the pressure supported by the gas ; 

(ii) It increases the energy of the progressive rectilinear 
molecular motion ; 

(iii.) It increases the energy of the atomic motion, and 
performs certain work within the molecule when the mole- 
cule is composed of many atoms. 

In the second cosoi when the gen is heatod under coiv- 
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etant volume, the £rat effect is nil. The second and the 
tliird are produced, bat nothing proves that the internal 
'work is the same undei' constant preeaura find under con- 
stant volmue. This 'work disappears in the case of mon- 
atomic gases, such as mercnry vapour (p. 121). It should 
increase with the number of atoms in the molecule. 

The total energy of a gaseous molecule is composed of 
the en^^ of the prc^;ressive molecule motion and of the 
atomic energy (Kinetic and Potential). ClausiuB admits 
that a relation exists between the total enei^ h and the 
energy of the progressive motion k, and he expresses this 
relation by the following equation : — 



h bdng the ratio of the specific heats — (p. 122). In the case 

of mOTCury vapour h=k, 4^1-666. In the case of poly- 
atomic gases, the values of k become smaller, for the gases 
Hj, Oj, and N, Jailing between 1395 and 1413. These 
values decrease as tlie number of atoms in the gaseous mole- 
cule increase. 

The absolute mro would correspond to Uie cessation of 
the molecular and atomic motions. The tempetatures of a 
gas increase proportionately with the kinetic energy of its 
molecules ; or again, since the masses remain constant, with 
the squares of the moleculax velocities. The heat contained 
in a gaseous mass is lepresented by the sum of the kinetic 
energies i£ its molecules. 
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